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Abstract
Atlantic mackerel {Scomber scombrus) is a pelagic fish widely distributed along 
the Northern coast of Great Britain. The lipid content of mackerel was found to 
be about 13% of the total body weight and 50% of total fatty acids were 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (fatty acids which 
are reported to reduce the concentration of plasma triglycerides, LDL (low density 
lipoproteins) and cholesterol in humans and animals). The proximate analysis also 
showed that mackerel is a good source of protein (20% w/w). The poly 
unsaturated fatty acids (PUFA) are prone to oxidation during frozen storage 
leading to rancidity and protein damage.
Thus the objective of this project was to prolong the shelf-life of mackerel by 
controlling and understanding lipid oxidation mechanisms. HPLC, GCMS and 
NMR spectroscopy were used for the first time to monitor the production of 
hydroperoxides and their secondary products in fish matched pairs of mackerel 
fillets were stored at either -20°C or -30°C. In addition fillets were also stored 
with or without different antioxidants at -20°C. The development of lipid 
oxidation products were recorded for up to 24 months. The oxidation products 
identified were mixtures of alcohol derivatives of hydroperoxides, namely: 13- 
hydroxy-9-trans, 11 -cis-octadecadienoic, 13-hydroxy-9-trans, 11 -trans-octadecadien 
-oic, 9-hydroxy-10-cis, 12-transoctadecadienoic and 9-hydroxy-10-trans, 12-
transoctadecadienoic acids. The amoimt of hydroxides produced were higher in 
fillets stored at -20°C compared with fillets stored at -30°C. Similarly, the 
hydroperoxides produced were considerably higher in samples stored without 
antioxidant than in fillets stored with vitamin E.
In this study the transfer of radicals from lipid oxidation to proteins and 
subsequent formation of protein-cross-links has been reported for the first time. 
The interaction between lipids and proteins were examined by both ESR and 
fluoroscence spectroscopy, A central esr free radical (g )signal was observed in
I
both simple systems (methyl linoleate and pure amino acids) and complex 
systems (fish lipid and pure proteins (lysozyme, ovalbumin) or fish protein 
(myosin)). The esr signal reached a maximum within a week and then started to 
decline and with a concomitant increase in a pinkish yellow chromogen. This 
chromogen which was soluble in organic solvent and fluoresced at an excitation 
wavelength 360 nm and emission wavelength 420 mn and indicated the formation 
of protein cross-links. Synthetic (BHT, BHA) and natural (vitamins E, C) 
antioxidants were capable of preventing both the radical transfer and protein 
cross-linking.
In this study lipoxygenase was isolated from mackerel flesh and its involvement 
in lipid oxidation mechanism was established. The molecular weight of partially 
purified lipoxygenase was 119,000 Daltons. This enzyme was capable of 
oxidising arachidonic acid to 12-hydroeicosatetraenoic acid (12-HETE), which 
was identified by HPLC. This 12-HETE was absent in pure arachidonic acid and 
in samples to which boiled enzyme was added. Conventional inhibitors, synthetic 
and natural antioxidants also inhibited the formation of 12-HETE, indicating the 
importance of lipoxygenase in fish lipid oxidation.
During frozen storage, protein solubility decreased and the texture deteriorated in 
Atlantic mackerel stored for 3, 6 , 12 and 24 months at -20°C and -30°C. There 
was an increase in peroxide value and TBARS; decrease in myosin ATPase 
activity a decrease in myofibrillar protein solubility in high salt concentration as 
well as formation of high molecular weight aggregates which showed low thermal 
stability and high G’ and G” modulus values. There were significant differences 
(P < 0.01) between samples stored at -20°C and -30®C, with greater deterioration 
evident in samples stored at -20°C. Similarly, there were significant differences 
(P < 0.01) between samples stored with and without antioxidants; the samples 
stored without antioxidants deteriorated faster than samples stored with 
antioxidants. This suggests the involvement of lipid oxidation products in protein 
deterioration during frozen storage.
n
® To develop sensitive methods or enhance conventional methods to monitor 
lipid oxidation products and to study lipid oxidation mechanisms in frozen 
Atlantic mackerel {Scomber scombrus)
® To study in detail the role of free radicals and the enzyme lipoxygenase in lipid 
oxidation and lipid-protein interactions 
® To undertake a storage trial of Atlantic mackerel at -20°C and -30°C for 24 
months in order to monitor changes in lipids and proteins and subsequent 
effects on fish quality 
® To optimise the shelf-life of frozen Atlantic mackerel, using both synthetic and 
naturally occurring antioxidants
III
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1. Introduction
The deterioration of proteins and lipids in frozen foods, because of its adverse 
effect on shelf life and safety for human consumption, has been widely 
investigated in model systems and in meat and fish products (Korycka-Dahl and 
Richardson, 1978; Molnar, 1989; Martin, 1988; Kinsella, 1988; Hamilton, 1989; 
Bradley and Min, 1992; St.Angelo, 1996). The following chapter examines the 
structure and physicochemical properties of fish lipids and proteins as well as 
mechanisms of lipid oxidation.
1.1. Fish lipids
The total level of lipids in a fish varies depending on the species of fish (Grundy 
et al., 1982) (Table 1.1). In a typical fish, about 1% of its total body weight 
consists of various phospholipids which are distributed throughout the body and 
perform essential functions such as regulating the properties of membranes and 
participating in basic cellular functions. An average fish phospholipid fraction 
contains about 60% phosphatidylcholine, 2 0 % phosphatidylethanolamine, and 
several percent phophatidylserine and sphingomyelin, while the rest is made up of 
other phospholipids.
Atlantic mackerel Total lipids % Total lipid 
(% wet tissue) Phospholipids Triglyceride;
White muscle 
Dark muscle
2.3 24.0 70.9 
13.1 19.0 76.8
Table 1.1 The lipid content of white and dark muscle of pelagic fish (Love, 
1988)
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1.1.1. General structure and physicochemical properties of lipids
The fatty acid composition of marine lipids is more complex than that of lipids of 
plants and animals (Table 1.2). The carbon chain length is generally from C14 to 
C24. Fish oil contains significant levels of polyunsaturated fatty acids of the co-3 
type, particularly eicosapentaenoic EPA (2 0 :5 (0 -3 )) and docosahexaenoic DHA 
(22:6(co-3)) acids. The double bonds are almost invariably cis, and when the fatty 
acid has two or more double bonds they are ‘methylene interrupted’.
-C H 2-CH=CH-CH2-CH=CH-CH2-
The structure of a fatty acid can be indicated by a convenient shorthand form 
giving the total number of carbon atoms followed by a colon and then the number 
of double bonds; the positions of the double bonds can be shown after the symbol 
A. Thus, for example a-linolenic acid is written simply as ‘18:3A9,12,15’. The 
difference between m-3 and m- 6  fatty acids is the position of the first double bond 
from the methyl group; the first double bond in 0 - 3  fatty acids is located between 
carbon three and four whereas it is located between carbon six and seven for co- 6  
fatty acids (Fig. 1.1).
Type of lipid % Total lipid Composition of fatty acids
Saturated 25 C16, Ci4, C18
Monoenoic 35 C16, Cl8, C20, C22
Polyenoic 40 C20:5, C22:6
Tablel.2. Types of lipids and fatty acid composition in seafood lipids (Love, 
1988)
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COOH w - 6
y k c / \ = = y \ = ^ ^ \ = / ' \ = y \ . COOH ro-3
Figure 1.1. The structure of co-3 and co-6 essential fatty acids
1.1.2. Types of fish lipids.
The content of different fatty acids in fish lipids depends on numerous factors, 
such as the diet, geographical location, environmental temperature, season, body 
length and lipid content (Sikorski et al, 1990). The two most important co-3 
PUFA are the EPA € 20=5 and DHA C22:6. The first is typical of marine algae and 
the other originates from zooplankton. The proportion of the two acids in lipids 
depends on the feeding habits of marine organisms. Most fish feed on 
zooplankton, therefore, their lipids contain more € 22:6 than C20:s acids. The 
structure difference between EPA and DHA is shown in (Fig. 1.2.).
EPA DHA
Fig. 1.2 Structure of (a) EPA and (b) DHA
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1.1.3, Omega-3 (m-3) Polyunsaturated fatty acids (PUFA) in fish oil and 
health
The protective role of m-3 polyunsaturated fatty acids (PUFA) against the 
development of cardiovascular disease has been widely reported (Kromhout, 
1985; Dyberg, 1986; Dolecek and Grandits, 1991; Kinsella, 1991; Stensvold et 
aL, 1993; Morris et al., 1993; Drexel et al., 1994). In addition, epidemiological 
studies (Dyerberg et al, 1979) have linlced the dietary intake of m-3 PUFA (Fig. 
1.3a) in Greenland Eskimos to their low incidence of coronary heart disease. The 
above factors have resulted in the promotion of fish consiunption in recent years. 
In contrast the Western diet includes many a-linolenic and linoleic acids with 
smaller amounts of EPA and DHA (Fig. 1.3b).
Dietary trials aimed at reducing the risk of cardiovascular diseases have 
emphasised the importance of ingesting marine oil and fish products that are rich 
in co-3 PUFA and poor in cd -6  PUFA (Van Dias, 1995). The most important of the 
(0-3 PUFA is eicosapentaenoic acid (EPA) which has an anti-aggregatory potency 
that results from competitive inhibition of the synthesis of the thrombotic 
eicosanoid thromboxane (Vas Dias, 1995). Eicosanoids are assumed to participate 
in inflammatory processes, immunological-allergic reactions, and atherosclerosis 
and its sequelae,
Arachidonic acid € 20:4, (co-6) obtained from the diet or by elongation and 
desaturation of the C]&2 (co-6) acid, which is more frequently present in foods, is 
oxidised by lipoxygenase or cyclooxygenase to peroxides (Fig. 1.4). A healthy 
organism produces extremely low quantities of eicosanoids (Sikorski et a i, 1990). 
Eicosanoids are a complex family of bioactive lipids, they are hydroxylated 
derivatives of 20-carbon PUFA and include; prostanoids (prostaglandins, 
thromboxanes, prostacyclins), leukotrienes and free radicals from hydroperoxides.
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n-6
linoleic acid 
C18;2n-6
arachidonic acid 
C20:4n-6
DIET
n-3
a-linolenic acid 
C18:3n-3
eicosapentaenoic acid 
C20:5n-3
docosahexaenoic acid 
C22:6n-3
Fig. 1.3a. The fatty acid consumption of food lipids of Greenland Esldmos 
(Fischer, 1989)
n-6
Linoleic acid 
C18:2n-6
Arachidonic acid 
C20:4n-6
DIET
n-3
a-Linolenic acid 
C18;3n-3
Eicosapentaenoic acid 
C20:5n-3
Docosahexaenoic acid 
C22:6n-3
Fig. 1.3b. The main dietary PUFA of Western nutrition (Fischer, 1989)
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Hydroperoxides ^ A r a c h i d o n i c  ac id  20:4
Hydroxy fatty acids
Dipeptides
< Lipoxygenase
ProsUiCNclin
Anti-aggregator
vasodilator
Endothelium Platelets
-^-------------Endoperoxides---------
cukd l t  i c n c s
Asthma
Allergies
Macrophage functions 
Chemotaxis
Inflammatory responses
’rostaLilaiuliii^
Atherogenesis
Thrombosis
Fever
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Pain
Uterine blood flow  
Miscarriage 
Dysmenorrhoea 
Cancer
Inhibitoin o f  gastric ulcer 
Metabolism o f  iron
I l i i ( u n b ( ) \ a i K ’
Pro-aggregatory
thrombotic
Fig. 1.4. The conversion of ©-6 fatty acids to metabolic regulators (Sikorski et
aL ,1990)
Large amounts are synthesised by diseased tissues, for example inflammation, 
arthritis, bleeding, vascular injury, tumorigenesis and cancer. The m-3 PUFA, 
compared to co-6 PUFA, are poor hydroperoxide generators (Sikorski et al., 1990), 
and are false substrates for cyclooxygenase, inhibiting the synthesis of 
eicosanoids. EPA (C2 0 5 ) inhibits both the thromboxane and prostacyclin 
synthesis, while DHA (C22 6) preferentially inhibits thromboxane sysnthesis.
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Although the high content of PUFA in fish, especially fatty fish such as Atlantic 
mackerel (Scomber scombrus), which contains 12% EPA has health benefits, 
PUFA are also susceptible to oxidative deterioration during chilled and frozen 
storage. Furthermore, oxidised lipids in lipid-protein systems are considered to 
induce polymerisation and aggregation of proteins, resulting in a decrease in 
solubility and formation of coloured complexes (Nakhost and Karel, 1983; 
Kanner and Karel, 1976; Kanner, 1992; Kanner and Rosenthal, 1992). Thus, 
protecting lipids in frozen fish against oxidation may be effective in reducing the 
decrease of protein extractability and rancidity.
1.2. Lipid oxidation in fish
Fish are not physically robust, therefore, the very act of catching and handling can 
easily lead to extensive flesh damage which will enhance deteriorative changes. 
Also, because fish are cold blooded, subsequent storage on ice does not reduce the 
rates of deteriorative changes to the same extent as low temperature storage of 
maimnalian tissues.
Compared to other oils and fats, the mechanism of rancidity development in 
whole fish has not been extensively studied or fully understood. Thus, much of 
the information concerning lipid oxidation processes in fish has been derived 
from the study of fish oil or simple model systems. It has been proposed (Kubow,
1992), that lipid oxidation in fish may be initiated and/or promoted by a number 
of mechanisms including the production of singlet oxygen; enzymatic and non- 
enzymatic generation of partially reduced or free radical oxygen species (i.e 
hydrogen peroxide, hydroxy radical); active oxygen, iron complexes and thermal- 
or iron-mediated homolytic cleavage of hydroperoxides.
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1.2.1. Autoxidation of Lipids
The oxygen-mediated oxidation in food systems is commonly referred to as 
autoxidation and generally proceeds through free radical reactions (Simic and 
Taylor, 1987) (Fig. 1.5).
The common free radical pathway for the oxidation of lipid molecules LH may be 
divided into three parts :
Initiation
LH
LOOH
(L 00H )2
Propagation
L
LO + 
LOO +
OH
LO H2O
L + O2
LOO + LH
LO + LH
Termination
LOO 
LOOH + 
LH +
L
LO
LOO + 
LOO + 
LO + 
L
LOO
L
L
L
Non radical products.
Where, LH = lipid, L 
lipid peroxy radical.
lipid radical, LO = lipid alkoxy radical and LOO =
In the initiation step. Equation 1, the free radical L is formed from an unsaturated 
lipid molecule at an allelic methylene group, LH, by the action of an initiator. In
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In the initiation step. Equation 1, the free radical JS is formed from an unsaturated
lipid molecule at an allelic methylene group, LH, by the action of an initiator. In 
the propagation step 2, the free radical L* can react with oxygen to form a peroxy 
radical LO^ , this can further react with another lipid molecule to generate a 
hydroperoxide, LO^H, and another lipid radical, L*. In the termination step 3, 
two radicals react to give products that do not sustain the propagation phase. 
Termination also occurs when antioxidants or free radical scavengers react with 
free-radicals generated during propagation (St. Angelo, 1996).
1.2.2.Secondary products in lipid oxidation
Fragmentation of hydroperoxides occurs by homolytic and heterolytic cleavage 
mechanism (Fig. 1.6), (Porte et al, 1979; Porter et ai, 1980; Frankel, 1982; Neff 
et ai, Frankel, 1984). Homolytic y^scission produces alkoxyl radical 
intermediates (1 and 2, Fig, 1,6) that undergo further carbon-carbon splitting. 
Homolytic cleavage a on one side of the alkoxy carbon forms pentane plus 
methyl 13-oxo-9,11 -tridecadienoate from the 13-hydroperoxide of methyl 
linoleate, and methyl octanoate plus 2,4-decadienal from 9-hydroperoxide of the 
methyl linoleate (Fig. 1.6). Heterolytic cleavage b forms hexanal and methyl 9- 
oxononanoate from the respective 13- and 9-hydroperoxides of methyl linoleate. 
Under acid conditions, heterolysis produces either carbocation intermediates, 
which cleave selectively to form the same products as those of the heterolytic 
pathway b, namely hexanal and methyl 9-oxononoate.
1.2.3. Formation of malonaldehyde
Malondialdehyde or malonaldehyde (MDA) is known to cross-link proteins, 
enzymes, and DNA; it has been shown to react with amino acids to form 
fluorescent products that absorb at X 435 nm. After the initial 1,3-cyclization, 1,4- 
cyclisation yields a bicyclic peroxide, which is stabilised by an allelic radical 
(Fig. 1.7). Thermal degradation of the bicyclic peroxide gives malonaldehyde as 
one of the products (Frankel, 1985).
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COOH
:H3 H O .
Arachidonic acid H2 0
COOH
:ooH
D iene conjugation
’CH3
COOH
" 0-0
Peroxy radical:ooH
COOH
Endoperoxy radical
Fig, 1,5. Diagram illustrating the initiation and propagation 
of lipid oxidation (Frankel, 1984)
Although in metabolic experiments (Sin and Draper, 1978; 1982) exogenous 
MDA is rapidly oxidised by rats to acetate or malonate, and then to CO2, MDA 
could escape this detoxification process and damage molecules such as proteins, 
phospholipids, and nucleic acids, by producing covalent links and cross-linking of 
large molecules (Chiba et al, 1976; Siu et a/., 1983). Recently the mechanism of 
MDA oxidation by horseradish peroxidase in the presence of manganese (II) and 
acetate was investigated (MacDoland and Dunford 1989. Mottley et al, 1991),
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Results showed that MDA is capable of participating in free-radical-generation 
reactions which can lead to further oxidative damage, particularly at low pH.
OOH13 R
OOH
Homolytic %)H
00
R- R
Pentane Hexane
Methl 13-0X0-
9,11-tridecadienoate
-H+
\ S^^H20
OO
Methyl octanoate Methyl-9-oxo- 
+2,4-decadienal nonanoate
IV.H2 0
R Heterolytic ^\=/V°'H 2O
f X h+ 
Hexanal
'R
H2 0
vX h+
Methyl 9-oxononanoah
R-(CH2)7C00CH3 
K = (CH2)4CH3
Fig. 1.6. Homolytic and heterolytic scission mechanisms of the 
decomposition of hydroperoxides (Frankel, 1984)
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u
Malonaldehyde
Fig. 1.7. Formation of malonaldehyde from oxidation of methyl linolenate
(Frankel, 1991)
1.3. Prom oters o f  lipid oxidation
1.3.1. Superoxide radical
The production of active oxygen species such as superoxide anion and hydroxyl 
radicals are thought to be of importance in the initiation and promotion of 
rancidity in most biological tissues. Superoxide anion radical (O2") may be 
produced through the action of several oxidases. Autoxidation of oxy-myoglobin 
and oxy-haemoglobin (both in Fe^ "^  oxidation state) may also result in the 
formation of superoxide anion and met-myoglobin and met-haemoglobin, 
respectively (both in Fe^ "^  oxidation state) (Satoh and Shikama, 1981; Stryer, 
1988).
13
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O2 + e“ ^  O2  4
Free iron can behave as a free radical and can take part in electron transfer 
reactions with molecular oxygen which may also lead to the generation of a 
superoxide anion (Hseih and Kinsella, 1989) (reaction 5).
Fe^ '" + 0 2 - ^  (F e^ \0: 4» Fe’^Oj) o  Fe’ -^ O2" 5
The superoxide anion is insufficiently reactive to abstract hydrogen from lipids. It 
would also be unlikely to enter the hydrophobic interior of the membrane because 
of its charged nature. However, the superoxide anion may be protonated to give a 
hydroperoxyl radical (HO2 ) which is capable of initiating autoxidation (Gebicki 
and Bielski, 1981), (reaction 6).
H+ HO2
O2 -> HO2 ^  H2O2
1.3.2. Metal Ions
In the presence of thiols or other reducing agents in biological systems, such as 
ascorbate, NADH and FADH2, in both microsomal and model systems, metal ions 
can catalyse the oxidation of lipids. The Fe^ "^  induces the oxidation of the 
reductant to produce the superoxide anion (O2'" ), after which the th^l radical 
catalyses the reduction of O2 to the superoxide anion which dismutates to H2O2 or 
undergoes a one-electron reduction of to Fe^  ^(Schaich, 1992).
O2  ^ O2" —^ H2O2
14
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The hydroxy radical (HO ) is produced via the Fenton reaction between and 
H2O2 . The hydroxyl radical is a very powerful oxidant and is suggested to be a 
potent initiator of lipid oxidation.
Metals such as Ti(III), Cu(II), Fe(II), or Co(II) are the best candidates for 
promotors of HO radical formation in vivo. Simple iron complexes can react with 
O2 ~ and/or H2O2 to form hydroxyl radicals. Iron is able to react with H2O2 via the 
F enton-Haber-Wiess reaction (Schiach, 1992).
Fe^ '" + H2O2 Fe^ + OHT + OH
Transition metals may initiate lipid peroxidation by several mechanisms:
• They may, via a single-electron transfer or hydrogen abstraction, generate a 
PUFA radical and thus remove the spin restriction between the PUFA and 
triplet oxygen; this is the case initiation of oxidation by lipoxygenases;
• They may interact directly with triplet oxygen to generate a superoxide radical 
(O2"), which leads to the formation of more reactive oxygen species and
• They may also be involved indirectly in the generation of oxygen species by 
oxidising flavin cofactors.
Numerous iron-containing enzyme systems and other iron-containing compounds 
are important in cellular biochemistry, for example, lipoxygenase, 
cyclooxygenase, cytochrome P450, peroxidase and myoglobin to catalyse 
membrane lipid oxidation. They can directly or indirectly initiate lipid oxidation, 
and their similarities and differences are of particular interest to the understanding 
of lipid oxidation (Harel and Kanner, 1985; Kanner et a/., 1987; Rhee, 1988; 
Halliwell and Gutteridge, 1989).
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1.4. R ole o f  enzym es in lipid oxidation
1.4.1. Xanthine oxidase
The superoxide radical and hydrogen peroxide are produced by the xanthine 
oxidase reaction (Schaich, 1980). Xanthine oxidase is a metal-flavoprotein which 
contains flavinadenodehydrogenase (FAD), molybdenum, iron, and acid-labile 
sulphur in the ratio of 1:1:4:4, respectively. Xanthine oxidase can react with 
various classes of substrate, such as acetaldehyde, salicylaldéhyde, and different 
purines, but its main substrate in vivo is hypoxanthine and xanthine which are 
oxidised to uric acid. Molecular oxygen, dyes, and nitrate can serve as electron 
acceptors. The enzyme occuis in high concentration in the fatty particles of milk 
and in large amounts in mammalian liver, kidney, jejunal mucose cells, heart, 
lungs, and gut (Bray, 1976). It was found that in tissues, the precursor of xanthine 
oxidase is the NAD-dependent xanthine dehydrogenase (D-form). This form is the 
physiological effective enzyme, which is converted to the oxygen-dependent 
enzyme (O-form). Essential factors involved in the conversion process are thiol 
groups and proteolysis.
1.4.2. Microsomal enzymes (cytochrome P450)
The enzyme cytochrome P-450 has also been implicated in the induction of lipid 
oxidation. This enzyme is a membrane-bound haem protein that metabolises 
hydrophobic foreign substances called xenobiotics as well as endogenous 
hydrophobic substances such as fatty acids. It is postulated that two electrons are 
transferred from NADPH via NADPH-cytochrome-c-reductase to cytochrome 
P450. The P-450 reductase enzyme, in addition to the reducing cytochrome P-450, 
can donate electrons to some Fe^^-complex and so generate Fe^ "*", which in turn 
stimulates oxidation. It is considered that many factors affect the cytochrome P- 
450 system in fish; for example, sex, maturation, age, the lipid composition of the
16
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membranes, accessibilty to co-factors, xenobiotics, nutrition, temperature and 
seasonal variations (Ingemansson, 1990).
1.4.3. Lipoxygenase
The mechanism of catalysis of fish lipoxygenase is difficult to characterise to date 
due to lack of information on the isolated enzyme. However, the enzyme isolated 
from soyabeans has been well-characterised and its resemblance to the animal 
enzyme has been successfully established (Kanner et al, 1987). It has been shown 
that soyabean lipoxygen^e is a non-heme iron-containing enzyme and studies 
have also indicated that non-heme ferric iron is a required cofactor and that the 
iron chelators remove activity of the enzyme.
Evidence suggesting that lipoxygenase plays an important role in both the onset of 
rancidity as well as contributing towards fresh fish aroma has grown in recent 
years. Most of the work has investigated the presence of lipoxygenase in the gill 
and skin tissues of various fish (Hseih and Kinsella, 1986; Hseih et ah, 1988; 
Mohri et al, 1990). To date, two different lipoxygenases have been discovered in 
fish tissues (Josephson et ah, 1984), but it is not yet known what tissues, in 
addition to skin and gills, express these enzymes. It is quite possible that there are 
distinct tissue and cell-type differences in the enzyme’s distribution and that 
different lipoxygenases may produce different volatiles from the same fatty acid 
precursors.
It has been shown that in the inactive form of the enzyme, the iron is in a high spin 
ferrous II state. Reaction with hydroperoxides (ROOH) result in the oxidation of 
iron to a high spin ferric III centre. This iron species was described as the actual 
oxidising focus and the active form of the enzyme. Thus, hydroperoxides are the 
activating cofactors in lipoxygenase and this further generates additional strong 
oxidising species. Although, lipoxygenase does not initiate lipid oxidation as such 
it possesses a significant capacity to proliferate it.
17
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German and Kinsella (1986) demonstrated that nonenzymatic unsaturated lipid 
hydroperoxides led to intramolecular reaarangement and a variety of 
polyoxygenated derivatives such as hydroxy epoxides and trihydroxy derivative of 
the starting lipids. Work on lipoxygenase-catalysed oxidations in vivo in rat 
platelets, lung tissue and trout gill tissue demonstrated the accumulation of 
trihydroxy fatty acids (German and Creveling, 1990). In addition, the products of 
hydroperoxides are capable of modifying the activity of other enzymes, in 
particular, those associated with the metabolism of endoperoxides (Yoshimoto et 
a/., 1982).
1.5. Biological implications of oxidation products of Hsh oil and 
fish products.
The deterioration of fats and oils, causing rancidity, has been intensively 
investigated by food chemists and to some extent by toxicologists concerned with 
food safety (Bischoff, 1969; Black and Douglas, 1972; hnai et al, 1980; Doll and 
Peto, 1981; Fink and Kritdhessky, 1981; Petrakis etal, 1981; Kinlen, 1983; Chan, 
1987; Sanders, 1989; Reddy, 1995). These assumptions are derived from studies 
on atherosclerosis. Wilson (1976) suggested that lipid oxidation ultimately 
affecting atherogenesis might occur outside of the body, in foods and then in the 
gut (Fig. 1.8).
Although hydroperoxides exist only at low levels in oxidised fats, they are 
important in fat deterioration, chiefly as intermediates, rather than as end 
products, because there are unstable and are rapidly destroyed by heating or by 
contact with phenolic antioxidants. It has been shown that hydroperoxides are 
absorbed well from the gut, (Ames, 1983). Oxidised com oil and cod liver oil 
(PV=230 meq/kg), when fed to vitamin E deficient rats, showed the accumulation
18
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of peroxides in their adipose tissues. Another study (Thiery and Seidel, 1987), 
indicated methyl linoleate hydroperoxides to be toxic to rabbits when low levels 
of it were administered intravenously each day for 10-14 days. Studies that 
addressed carcinogenicity of orally administered oxidised oils found an increase 
in mammary tumors in mice (Tinsley et ai, 1981) and hydroperoxides ingestion 
were shown to have a tumor-promoting effect because they stimulate cell 
proliferation in the colon (Earles et a l, 1991).
Studies that are concerned with atherogenecity of heavily or mildly oxidised oils 
and lipid hydroperoxide show that such material is more atherogenic than are 
unheated oils and can cause arterial and cardiac damage. Pigeons fed small 
amounts of oxidised cholesterol, showed a five fold increase of coronary 
atherosclerosis (Jacobson et al., 1985). Rats fed a diet with 10% heated PUFA oil 
and normal vitamin E showed increased platelet thromboxane A2 and decreased 
prostacyclin production production (Giani et al, 1985). While ingestion of 
oxidised fish oil by rabbits enhances cholesterol-induced atherosclerosis and 
elevated serum TEARS (Thiery and Seidel, 1987).
1,6. The effect of oxidised lipids on fish proteins during frozen 
storage
1.6.1. Introduction
Exposure of proteins to peroxidising lipids or their secondary breakdown products 
can produce changes in proteins including loss of enzyme activity, 
polymerisation, insolublisation, scission and formation of lipid-protein complexes 
(Dyer and Dingle, 1961; Sikorski e ta l, 1976; Matsumoto, 1976; Shenouda, 1980; 
Sikorsld and Kolakoska, 1990; Sikorski et al, 1990; Haard, 1992). Lipids, 
especially oxidised lipids, may affect the hydrogen bonds and hydrophobic 
interactions in the proteins of frozen fish. The fatty acid character of lipid 
molecules exerts a surfactant effect on protein surfaces, leading to hydrophobic
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opening of the protein structure, thus, exposing interior groups for reaction. 
Furthermore, the carbonyl groups of oxidised lipids may participate in covalent 
bonding, leading to the formation of stable protein-lipid aggregates. The 
correlation between lipid and protein changes in fish tissues during freezing and 
frozen storage (Konig and Mol, 1991; Kolakowska et a l, 1992) and results of 
model experiments on protein-lipid interactions (Roubal, 1970; Braddock and 
Dugan, 1973; Jarenback and Liljemark, 1975b) gave circumstantial evidence for 
the effect of oxidising lipid on fish proteins.
LOOH + PH —^ {LOOH~““”““"HP]
,a)LO' + F  + H2O 
'b) LO* + OH + PH
LH= lipid PH = protein
Fig. 1.9. The two mechanisms involved in lipid-protein interaction
Lipid-protein interactions can take place mainly through two basic mechanisms 
(Schaich and Karel, 1975). The first mechanism involves protein-amino 
condensation reactions involving lipid oxidation breakdown products such as 
malonaldehyde and amino groups; the second mechanism involves the reaction of 
proteins with lipid oxidation products (lipid free radicals, hydroperoxides and 
volatile secondary products) which results in the formation of protein-centred free 
radicals. Reactions involve formation of complexes between lipid hydroperoxides 
and N and S centres of the reactive amino acid residue (Fig. 1.9). Radical transfer 
occurs either as the hydroperoxide and complex homolyze simultaneously (Fig. 
1.9a), or as the hydroperoxides dismutate in the immediate vicinity of the amino 
acid (Fig. 1.9b) (Schaich and Karel, 1975).
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1.6.2. Structure and properties of fish proteins
In order to understand the mechanism of lipid-protein interactions, it is necessary 
to consider the structure and physicochemical properties of fish proteins. The 
deterioration of proteins in fi*ozen foods, because of its adverse effects on shelf 
life, has been investigated in model systems and in different meat and fish 
products. Freezing, is one of the best methods of fish preservation, and is applied, 
to an increasing extent, both on-shore and on-board fishing vessels. However, 
after prolonged storage, even at temperatures as low as -20°C, marked, 
undesirable sensory changes occur in the product. Experimental evidence gathered 
over the past fifty years, suggests that the properties of proteins in the tissues can 
be modified or protected by lipids, fatty acids, nucleotide compounds and 
carbohydrates.
Most studies have been undertaken on lean fish, mainly cod {Gadus morhua) 
because of their industrial importance and ready availability (Mackie, 1993). 
However, fatty fish should be considered separately. Although their muscle 
proteins also undergo deteriorative changes leading to toughening and drying of 
the muscle, the oxidative changes in the lipids and the associated development of 
rancid flavors are often of greater importance as far as quality loss is concerned.
The structure of fish muscle is different from that of mammals and birds (Love, 
1980; Bechtel, 1986; Lampila 1990; Mackie, 1993) this difference can be related 
to the different requirements for movement and the different environments in 
which the animals live. The requirements of fish muscle to support the skeletal 
framework are much reduced because of the support provided by water. Fish 
muscle consists of two types of muscle cells, white and red, the relative 
proportions of which vary depending upon the swimming behaviour of fish. White 
muscle displays anaerobic metabolism which depends upon glycogen for energy 
and it is well supplied with glycolytic enzymes which permit intense contraction
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during periods of flight. Red muscle, on the other hand, has an aerobic metabolism 
and is rich in haemoglobin, myoglobin, and mitochondria (Love, 1980).
The functional quality of fish deteriorates in frozen storage. The thawed flesh has 
lower water holding capacity and fat-emulsifying ability and is less suitable for 
use in the manufacture of gelled products. The adverse changes are due to fatty 
acids; lipid oxidation products; formaldehyde formed during the enzymic 
decomposition of trimethylamine oxide; high concentration of solutes created by 
the fr eezing of water and disintegration of the muscle cell structure, as well as on 
the protective action provided by the addition of several highly hydrophilic 
additives, antioxidants, and neutral lipids (Sikorski and Kosyuch, 1982; 
Lundstrom et ah, 1982; Owsu-Ansah and Hultin, 1984; Ang and Hultin, 1989; 
Hultin, 1992; Howell etal., 1995; lyambo, 1995; Careche and Linchan 1997).
1.6.3. Effect of freezing
Changes in the moisture phase during freezing or during frozen storage of fish 
create changes which can be classified according to three major patterns: (a) 
damage due to the formation of ice crystals; (b) damage due to dehydration: and
(c) damage due to an increase in salt concentration. Ice crystal formation causes 
breakage in the cells, rupturing of membranes, and disordering of the 
ultrastructure of the cells and tissues (Love, 1988). In the prerigor state, the cell 
fluid is tightly bound to the intracellular proteins, which limits its diffusibility 
from inside to outside the cell. This contributes to the dry appearance seen in 
unfrozen fish tissues. In addition, ice crystals are formed, mainly extracellularly, 
regai’dless of the speed of freezing. However, with the onset of rigor mortis, 
leading to muscle contraction, some of the cellular fluids are set free to diffuse 
into the extracellular space, giving a moist or watery appearance to the unfrozen 
tissues. Consequently, when this type of tissue is frozen, both inter- and
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intracellular ice crystals are formed, depending in this case on the rate of freezing. 
At a slow freezing rate, the exterior of the cell cools more rapidly than the interior 
parts, and with the continuous dropping of temperature, the supercooled 
extracellular fluid reaches a critical temperature at which point water separates 
from the solute, forming ice crystals outside the cells. At the same time, this slow 
freezing rate induces a high salt concentration in the extracellular fluid, which in 
turn draws out moisture from inside the cell fluids by osmosis.
Another problem caused by the formation of ice crystals is an increase in the 
volume of a specific weight of water. The ice crystals exert pressure on the 
ultrastructure, and disrupt the organisation of the microorganelles. Similar 
findings were observed in cross sections of fibres from unfrozen and frozen-stored 
fish muscle (Jarenback and Liljemark, 1975a; lyambo, 1995; Howell et al., 1995). 
The damage caused by dehydration during frozen storage is very considerable. 
Migration of hydration water molecules to foim ice crystals causes a disruption of 
the hydrogen bonding system as well as the exposure of surface regions 
(hydrophobic or hydrophilic) of the protein molecules.
Using NMR spectroscopy which is capable of detecting the existence of unfrozen 
water quantitatively at freezing temperatures it has been shown that during the 
freezing of fish muscle, part of the water will freeze out, but a considerable 
portion may remain unfrozen, even at temperatures well below the freezing point, 
down to about -70°C (Sussman and Chin, 1966). This fluidity may be due to 
energetically or entropically preferred states, for example, the influence of polar 
forces from sites on the protein matiix and the influence from ions in solution 
(Kent, 1975). There is a tenfold increase in the concentration of soluble solute in 
the unfrozen liquid water left behind (about 90% of the moisture is in the frozen 
state), at common freezing temperatures (-10°C to -20°C).
24
_____________________________________  Chapter One
The damage caused by the increase in salt concentration on protein dénaturation, 
aggregation, or dissociation could be based on the effect of salts on the secondary 
forces (ionic, van der Waals, hydrogen bonding and hydrophobic forces), which 
help to stabilise the tertiary and quaternary structure of protein macromolecules.
Ionic bonding is basically possible between appropriately charged groups within 
the protein molecules or between different molecules of proteins, lipids, 
carbohydrates and nucleotides. The stability of ionic binding, as well as all other 
secondary forces, is dependent on the dielectric constant, the pH and the ionic 
strength of the media. By increasing the salt ions by freezing, the salt ions will 
cause competition with the existing electrostatic bonds and the breakdown of 
some of them. It will also disturb the other secondary forces and, although the net 
result cannot be exactly predicted, it will be a mixture of dissociational, 
aggregational, and conformational changes.
1.6.4. Changes in myofibrillar proteins during freezing
Myofibrillar proteins account for 65-75% of the total protein content of fish 
muscle. Because of their important contribution to the textural properties of fish 
flesh, myofibrillar proteins mainly myosin and actin have been well studied. 
(Bechtel, 1986; Asghar et al, 1983; Ohtsuki et al, 1986; lyambo, 1995; Howell et 
al, 1995).
1.6.41. Myosin
Myosin molecules are the building units of the thick filaments in the sarcomeres 
(Bechtel, 1986. Hamm, 1986. Asghar et al, 1986. Ohtsuki et al, 1986.). Myosin 
has a molecular weight of about 500,000 and is a long, linear molecule made up of 
two identical heavy chains (HC) of molecular weight 200,000 and four light 
chains (LC) of molecular weight 20,000 each (Fig. 1.9). At the end of the 
molecule, both of the polypeptide chains are folded into a globular structure which
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contains the sites responsible for ATPase activity and the contractile mechanism.
The characteristics and properties of myosin are strongly related to the SH groups 
it possesses, particularly those located near the globular head on the light chains.
Globular region  
(about  4 0  A X 1 1 0  A)
Light
chains
a-Helical  coi led-coi l  rod (20 A x  1 340  A) --------- >|
Fig. 1.10. Structure of a myosin molecule (Stryer, 1986)
Myosin is considered to be the most sensitive myofibrillar protein with respect to 
freeze dénaturation (Shenouda, 1980; Mackie, 1992). Loss of cod myosin 
extractability during frozen storage reaches 80%. At high ionic strength, it has 
been shown in model systems that myosin molecules experience a rapid, 
reversible monomer-dimer equilibrium (Godfrey and Harrington, 1970). 
Exposure to a concentrated salt solution for a long priod causes the myosin 
molecules to dissociate into subunits: a heavy chain core, and light chain 
components (Dreizen and Gershman, 1970). Furthermore, in the absence of thiol 
protection, the light chains undergo irreversible aggregation during prolonged salt 
treatment. The heavy chains also forms insoluble aggregates, accompanied by 
conformational changes (Howell et al, 1995).
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Another factor that is important during storage is the susceptibilty myosin to
proteolytic enzymes. Myosin is digested by trypsin and chymotrypsin to give 
heavy meromyosin (HMM) and light meromyosin (LMM) subfragments (Fig. 
1.11). Unlike mammals, fish myosin is more sensitive and has made control of 
these enzymes more difficult in the preparation of subfragments (Mackie, 1993))! 
This sensitivity of fish myosin to proteolysis makes it more susceptibile to 
dénaturation during iced and frozen storage compared with mammalian myosin.
M yosin
Trypsin
LMM HMM m
S 2
Papain
Aisi
S I
Fig. 1.11. Structure of a myosin molecule digested by trypsin (Stryer, 1986)
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I.6.4.2. Actin
Actin is relatively stable during frozen storage, compared with myosin (Connell, 
1968. Sikorski, 1976. Shenouda, 1980. Matsumoto, 1980.). Actin is one of the 
most abundant proteins in the contractile units, accounting for 15-30% of the total 
myofibrillar protein content of muscle. It forms the backbone of the thin filaments, 
where the globular actin beads (G-actin) are arranged in a double-stranded right 
helix, with tropomyosin and troponin in the two grooves of the coiled ribbon of 
actin.
However, it has been shown that increasing the ionic strength of the buffer 
solution causes a gradual polymerisation of the actin (G-actin), which precipitates 
as an insoluble gel (Shenouda and Pigott, 1975a). This polymerisation process was 
accompanied by a significant increase in the actin's ability to bind polar and 
neutral lipids, indicating that a higher concentration of salt induces changes in the 
hydrophobic groups in the actin molecules. It was shown that this hydrophobic 
interaction between neutral lipids and actin in fish is stronger than the forces that 
bind the polar lipids to actin (Shenouda and Pigott, 1975b).
1.6.5. Protein damage caused by lipid oxidation products
4»% Fish lipids influence the stability of myofibrillar proteins. There is 
substantial evidence for both protective and detrimental effects of fish lipids on 
proteins (Dyer, 1951. Simidu and Simidu, 1957). It has been shown that fatty fish 
are more stable compai'ed with lean fish (Dyer and Dingle, 1961) and that the 
extractability of myofibrillar proteins in lean fish decreased considerably. Early 
studies led to the hypothesis that the presence of moderate levels of fish lipids may 
protect the fish proteins or increase their resistance to dénaturation during frozen 
storage. Akiba et al., (1967) showed in their study on cryoprotective additives that 
the presence of lipids such as lecithin or plant oil enhanced the effect of other 
protein-protective additives such as polyphosphates or sugars, in preserving the 
quality of frozen minced fish.
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However, the more acceptable view of lipids with respect to protein dénaturation
is that they exert a damaging efffect on proteins. Based on model systems in which 
proteins and lipids from the same species of fish were incubated together, 
Shenouda and Pigott, (1974), hypothesised that as a result of freezing, lipids and 
protein components liberated from their natural locations within muscle cells 
would react to form lipoprotein complexes which may affect the textural quality of 
the muscle tissue. It was shown by SDS-polyacrylamide gel electrophoresis that 
when fish proteins were incubated with lipids, high molecular weight aggregates 
not dissociable by SDS, remained at the top of the gel (Tejada et ah, 1996).
It has been suggested that fish lipids, because of their great susceptibilty to 
oxidation, may produce free radicals which will interact with proteins to bring 
about aggregation ( >0; Khayat and Schwall, 1983; Sikorski
et ah, 1976; Shenouda, 1980). The radicals are produced through decomposition 
of lipid hydroperoxides via a free-radical mechanism which has been previously 
illustrated in (Fig. 1.5). Lipid hydroperoxide intermediates and carbonyl products 
of lipid oxidation are sufficiently long-lived that they survive transport between 
cells and tissues. It is possible that lipid radicals make direct contact with proteins, 
extracting hydrogen from labile side chains such as -SH groups to form protein 
radicals which could then initiate various reactions with other proteins or lipids to 
form aggregates. This hypothesis was tested in this study (Chapter four).
1.6.6. Influence of free fatty acids on proteins
During frozen storage of fish, an initial rapid rate of free fatty acid (FFA) 
formation was noticed, followed by a much slower rate (Shenouda, 1980). The 
decrease in protein extractability followed more or less the same pattern of FFA 
accumulation. Anderson and Ravesi (1969) reported that a decrease in protein 
extractability occured more rapidly in the first 8-10 weeks than in subsequent 
storage periods. Also, the decrease in extractability was slower in muscle stored at 
-18°C than in muscle stored at -12°C. Anderson and Ravesi (1970b) also explored 
the fact that storage in ice stimulates fat hydrolysis; they found a pronounced
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decrease in protein extractability in chilled fish, which indicated that FFA-protein 
interaction may begin before freezing and cause the frozen fish to deteriorate at a 
much faster rate.
Free fatty acids primarily attack the myofibrillar proteins. Their binding to 
sarcoplasmic proteins is not excluded but they are apparently less effective in 
insolubilising them. The effect of FFA on the myofibrillar structure (Jarenback 
and Liljemark, 1975b) studied by electron microscopy showed that low levels of 
FFA induced aggregation of the extracted proteins, but the fibrils retained much of 
their original shape. The mechanism of FFA-myofibrillar protein interaction has 
not yet been explained sufficiently. It is generally perceived that covalent bonding 
is not a major force and that the interaction mechanism occurs primarily through 
secondary forces; namely electrostatic, van der Waals, hydrogen bonding, and 
hydrophobic interactions. The dependence on pH (Hanson and Olley, 1965) 
suggests the participation of ionic and hydrogen bonding. The low susceptibility 
of the FFA-protein linkages to salt solution (Anderson and Ravesi, 1970a) and 
their breakdown by sodium dodecylsulphate (Connell, 1965) are evidence of the 
involvement of hydrophobic interactions in the formation of aggregates. However, 
covalent bonding between the double bonds of the hydrocarbon chain of the fatty 
acids and the sulphydryl group of the protein, as suggested by Robenson (1966), 
may also be responsible for protein-FFA interactions during frozen storage.
1,7. M ethods for controlling lipid oxidation
Consumption of seafood has gradually increased worldwide. Much of the 
increased demand can be attributed to the emphasis on the health benefits of 
seafood, particularly the presence of high amounts of polyunsaturated fatty acids 
(PUFA), specifically the omega-3 fatty acids, in fish oils (Ackman, 1988; 
Nettleton, 1984). The quality and extension of shelf-life of frozen fish may be 
enhanced by packaging materials. Methods that are available for controlling lipid 
oxidation may be divided into two categories: (i) those acting to control the level
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of oxygen and active oxygen species and (ii) those acting to control activated 
catalyst and free radicals.
1.7.1. Control of oxygen and active oxygen species
Oxygen levels in food may be controlled by specific processes such as deaeration 
or packaging. The oxygen level is significantly reduced if the fish is vacuum 
packed in gas impermeable packaging (Santos and Regenstein, 1990). Although 
vacuum packing does not prevent rancidity development, it is probably the single 
most effective treatment for reducing rancidity in frozen fish.
1.7.2. Control of active catalysts.
Most enzymes, for example, cytochrome P450 and lipoxygenase, contain iron 
Avhich is tightly bound and catalyse the oxidation of lipids in fish (Kubow, 1992; 
Kanner et ah, 1987), Chelating agents such as EDTA can significantly affect the 
kinetics of lipid oxidation induced by metals which are bound to the enzyme (Tien 
et ah, 1983; Gutteridge, 1984). For example, EDTA deactivates the iron ion by 
surrounding it with tightly bound ligands that caimot be replaced by reagents such 
as hydroperoxides or their alcohol derivatives (Waters, 1971).
1.7.3. Antioxidants
Oxidative rancidity may be avoided or retarded by using antioxidants (Halliwell, 
1994). In theory, a substance may act as an antioxidant in a variety of ways, for 
example, competitive binding of oxygen; retardation of the initiation step; 
blocking the propagation step by destroying or binding firee radicals; inhibition of 
catalysts and stabilisation of hydroperoxides. Antioxidants can scavenge the active 
forms of oxygen involved in the initiation step of oxidation, or can break the 
oxidative chain reaction by reacting with the fatty acid peroxy radicals to form
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stable antioxidant-radicals which are either too unreactive for further reactions or
form non-radical products. Antioxidants are classified as synthetic or natural.
I.7.3.I. Synthetic antioxidants
Synthetic antioxidants have been generally considered as relatively safe and are 
widely applied in a number of manufactured products including pharmaceuticals, 
cosmetics, human foods and animals feeds. The most popular are those derived 
from phenolic structures or those having a phenolic configuration within their 
molecular structure. The effectiveness of phenolic antioxidants depends on the 
resonance stabilisation of the phenoxy radicals (Fig. 1.13). This is determined by 
the substituent on the aromatic ring and by the size of the substituting group 
(Shahidi et aL, 1992). Substitution at the ortho and para positions increases the 
reactivity. The presence of carbonylic and carboxylic groups in numerous phenolic 
compounds can also result in the inhibition of oxidative rancidity by metal 
chelation (Hudson and Lewis, 1983). Among the phenolic derived structures the 
gallic acid asters, the butylayted hydroxyanisole (BHA), the butylated 
hydroxytoluene (BHT) and the tertiaiy butylhydroxyquinone (BHTQ), identified 
as primary antioxidants are the most widely used food synthetic antioxidants (Fig. 
1.11).
OH
OH
Propyl Gallate 3-Butylated hydroxy anisole 2-Butyiated hydroxy aniso
OH
Butylated hydroxy toluene 1 1 . jtert-Butyl hydroxy quinone
Fig. 1.12. The chemical structure of synthetic antioxidants (Wong, 1989)
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LOO"y — OH , /  \ _ o : OOL+ O' + LOOK
Fig. 1.13. Phenolic antioxidants showing the transition state and stabilisation 
of the phenoxy radical (Wong, 1989)
Bulky substituents create steric hindrance and provide Anther stability to the 
phenoxy radical. However, steric hindrance also makes the antioxidants less 
accessible to the peroxy radical. The stability to the phenoxy radical is responsible 
for the antioxidant properties (Sherwin, 1976).
In spite of the widespread use of phenolic antioxidants, there is increasing concern 
over their safety (Ito et ah, 1986). The potential toxicity of some of them in 
biological models has been described (Anonymous, 1986; Thompson and 
Moldeus, 1988). The replacement of synthetic antioxidants by ‘safe, natural’ 
antioxidants such as vitamins E and C, flavonoids and other plant phenolics has 
been increasingly advocated.
1.7 3.2. The chemistry and antioxidant properties of tocopherol
Vitamin E compounds (tocopherols and tocotrienols) are well recognised for their 
effective inhibition of lipid oxidation in foods and biological systems (Oski, 1980; 
Burton et al, 1982; Burton et al, 1983; Fritsma, 1983; Parker, 1989; Burton et 
al, 1990; Sies, 1986). Since vitamin E is only synthesised by plants, it is a very 
important dietary nutrient for humans and animals (Aruoma, 1991; Labuza, 1971; 
Hess, 1993). Tocopherols are present in oil seeds, leaves and other green parts of 
higher plants. a-Tocopherol is present mainly in the chloroplasts of plant cells.
33
_______________________________________  Chapter One
while p-, Y and ô-homologues are usually found outside these organelles (Hess,
1993).
The term “vitamin E” is a generic name for all tocopherol and tocotrienol 
derivatives quantitatively exhibiting the biological activity of a-Tocopherol. 
Structurally, the tocopherols and tocotrienols consist of a chroman head (with two 
rings: one phenolic and one heterocyclic ) and a phytyl tail (Fig. 1.14). The four 
tocopherols have saturated tails and vary only in the number of methyl 
substituents and the patterns of substitution in the phenolic ring.
HO
CH3
R i R2
CHa CHa
CHa H
H CHa
H H
5.7.8-TrimethyltocopheroI
5.8-Dimethyltocopherol
7.8-DimethyltocopheroI 
8-Monomethyltocopherol
Fig.1.14. The chemical structure of tocopherols (Kamal-Eldin, 1996)
I.7.3.3. Tocopherols as antioxidants
The chromanols seem to be the most efficient lipid antioxidants provided by 
nature. This antioxidant activity is apparently due to the following facts. Firstly, 
these phenolic compounds have special structural properties (long phytyl tails)
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that render them lipid soluble. Since lipid peroxy radicals react with the 
tocopherols several orders of magnitude faster (ka = 10"^  - 10^  M"^  s' )^ than their 
reactions with acyl lipids {k = 10-60 M’  ^ s' )^ (Burton et al, 1983; Burton et al, 
1981; Pokomy, 1987; Leth et al, 1977; Cadenas, 1989), one tocopherol molecule 
can protect about 10^  - 10^  PUFA molecules at low peroxide levels (Patterson, 
1981). This may explain why the small a-tocopherol/PUFA ratio in 
biomembranes is enough to interrupt the free radical chain reactions (Diplock and 
Lucy, 1973).
1.7.3.4. Mechanism of antioxidant action of a-tocopherol
A probable explanation for the mechanism of antioxidant action of a-tocopherol 
was offered by Nagaoka et al, (1992). Initially, the tocopherol molecule and the 
peroxy radical approach each other and their electron clouds begin to overlap. 
Thus, a transition state which has the property of the charge transfer species 
(LOO—  TOH ) will be reached. When the tocopherol molecule and the peroxy 
radical approach each other to an appreciable extent (LOO^—TOH^~), proton 
tunneling takes place where the chromanol molecule loses a hydrogen atom to a 
lipid peroxy radical forming the chromanoxyl radical.
LOO + TOH ► LOOK + TO
The chromanoxyl radical (TO*) may undergo radical-radical coupling with other 
radicals forming adducts (Burton et al, 1981; Schaich, 1992; Campell and 
Coppinger, 1952). The chromanoxyl radicals react differently with carbon-centred 
and oxygen-centred oxidised lipid radicals. Carbon-centied radicals (either 
pentadienyl or epoxyallylic), formed under anaerobic conditions, tend to add to the 
chromanoxyl oxygen forming 6-O-lipid alkyl-chromanol adducts (Gardner et al, 
1972; Yamauchi et al, 1995a; Yamauchi et al, 1995b). On the other hand, 
oxygen-centred peroxyl radicals (either diene peroxyl or epoxyene peroxyl) tend
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to add at 8 a position, forming 8 a-all«yldioxy-tocopherones (Yamauchi et al, 
1995b; Liebler and Burr, 1995).
Î.7.3.5. Vitamin C (L-ascorbic acid)
Pure crystalline L-Ascorbic {AH2) is isolated from fresh fruits and vegetables. L- 
Ascorbic acid is a lactone with an enediol group (cyclic ester of a hydroxy 
carboxylic acid (A), and is a 2,3-diketal which exists predominantly as a bicyclic 
hydrated form in solution Martell, 1982). Both AH2 and A possess biological 
activity. Vitamin C plays a vital role in (1) collagen synthesis, (2) conversion of 
3,4-dihydroxyphenylethylamine to noradrenaline, and (3) protection against free- 
radical damage (Kurata et al, 1973; Kurata and Fujimaki, 1976).
I.7.3.6. Vitamin C as antioxidant
The protective role of ascorbic acid in biological systems via a free radical 
reaction has been extensively studied. In a biological system, vitamin E and C act 
synergistically. Vitamin E, being lipophilic, is considered to be the primary 
antioxidant, especially in lipid peroxidation in cell membranes. Vitamin C reacts 
with a vitamin E radical to regenerate vitamin E, and the resulting ascorbic acid 
radical is reduced back to vitamin C by NADH (Packer et al, 1979).
R + A B T  AH-e~
f  ET
2A" + I f  o  AH' + A ■«-> AHj
Fig. 1,15, Showing the formation of conjugated tricarbonyl system from the 
abstraction of hydrogen from ascorbic acid (Wong, 1988)
36
____________________________________________Chapter One
The formation of a free- radical intermediate in the oxidation of ascorbic acid to 
dehydroascorbic acid is probably the most unique property of the ascorbate. The 
oxidation process is reversible and proceeds in a two-step mechanism with the 
formation of radical anion (A ") as intermediate (Wong, 1988). The radical (A ') has 
been shown with the unpaired electron spread over the conjugated tricarbonyl 
systemb (Fig. 1.14). The radical anion is very stable and nonreactive, and it decays 
chiefly by reacting with itself to terminate the free-chain reaction.
1.8. G eneral m ethods used for detection o f  lipid oxidation
1.8.1. Peroxide value
Over the past few years a number of new methods have emerged for the detection 
of lipid oxidation. These methods are based on recent technological developments, 
as well as on improved insights into the complexity of oxidation reactions. The 
major initial reaction products for lipid oxidation are hydroperoxides, which are 
labile species that can undergo both enzymatic and nonenzymatic degradation to 
produce a complex array of secondary products, including volatile hydrocarbons, 
malondialdehyde precursors, malondialdehyde itself, olefins and carbonyl 
compounds. Hydroperoxide measurements can also be a useful index of early 
oxidative damage.
The assay for hydroperoxides offers the most direct measure of lipid oxidation. 
The methods available to evaluate the hydroperoxide content in a biological 
sample are based on the classical method for the determination of liberated iodine, 
and titration with thiosulphate (Halliwell and Gutteridge, 1989; Jessup et al,
1994). The outstanding advantage of the iodometric hydroperoxide assay over all 
other methods is the ability of hydroperoxides in a wide range of molecules to 
react with iodide quantitatively and stoichiometrically as shown in the following 
reaction.
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ROOH + 2ir  +21:-----► ROH +H2O +I2
Other assays may react quantitatively only with specific classes of hydroperoxides, 
and /or the stiochiometry of the reactions is variable or unknown. The iodometric 
assay is particularly useful in complex biological systems where hydroperoxides 
may be generated on a diverse array of molecules.
1.8.2. HPLC detection of hydroperoxides
One series of methods for the detection of fatty acid hydroperoxides is based on 
liquid chromatography. When fatty acids are oxidised to their hydroperoxides, the 
double bonds in many of these fatty acids become conjugated. The conjugated 
acids absorb UV light at 235 nm as do some of the conjugated dienes that may 
result from decomposition. Many studies use the HPLC method with detection by 
absorbance at 235 nm. Such studies included the study of reduction products of 
the hydroperoxides formed by 15-lipoxygenase activity using reverse-phase HPLC 
and elution with a tetrahydrofuran-acetonitrile-water-acetic acid (22:40:38:0.05, 
v/v) mobile phase (Demeyer et ah, 1991). The use of HPLC avoids the challenges 
of preparing the relatively labile hydroperoxides for gas chromatography and 
peroxide values. In this study, HPLC methods also allow the direct analysis of 
esterified forms of the hydroperoxides. The HPLC method was refined to measure 
hydroperoxides and their alcohol derivatives in stored frozen fish (chapter three).
An effective approach to increasing both the sensitivity and specificity of 
hydroperoxide analysis has been to use post-column chemiluminescence reactions. 
Chemiluminescence systems employ luminol or isoluminol with either 
microperoxidase (Yamamoto et ah, 1990; Yamamoto, 1994), or cyochiome c 
(Miyazawa et ah, 1990a; Miyazawa et ah, 1990b; Miyazawa et ah, 1994), as the 
source of the heme iron metal catalyst. The analytes are isolated by solvent 
extraction of the total lipids. Both reversed-phase chromatography with methanol-
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water based mobile phases and silica chi'omatography with chloroform-methanol 
based mobile phases have been used with good results to quantitate the 
hydroperoxides in the different phospholipid classes and cholesterol esters 
( Miyazawa et al, 1990a; Miyazawa et al, 1992).
1.8.3. Thiobarbituric acid test (TBA)
The reaction of lipid peroxides with thiobarbituric acid (TBA) has been widely 
adopted as a sensitive assay method for lipid oxidation in animal tissue (Bemheim 
et al, 1948). The TBA test has been applied in a variety of ways to both lipid 
(Pikul et ah, 1984) and aqueous extracts (Tarladgis et al, 1960; Hoyland and 
Taylor, 1991) from food samples. The test is popular because it is simple and 
inexpensive. The sample under test is heated with TBA at low pH, and a pink 
chromogen is measured for absorbance at, or close to, 532 nm, or its fluorescence 
at 553 nm. Calibration of the test is achieved using malonaldehyde (MDA) 
prepared in the laboratory by hydrolysis of 1,1,3,3 -tetramethoxypropane or 
1,1,3,3 -tetraethoxypropane.
Although it was originally considered that malonaldehyde only was measured by 
means of the TBA test, because it is based on absorbance at 532 nm, it is now 
accepted that there is also absorbance from other compounds which react with 
TBA. Many interfering sources have been observed (Gardner, 1979; Tappel, 1990) 
and the reactivity of TBA with other carbonyl compounds have been studied 
(Kosugi and Kikugawa, 1985; Guillen and Guzman, 1988). Instability of MDA in 
the presence of H2O2 has further limited the applicability of the TBA test since 
H2O2 is known to be formed in many peroxidation promoting systems (Kostaka 
and Kwan, 1989). At present, the method has many limitations and it is used only 
as a general oxidation index, with results referred to as TBA-reactive substances 
(TBARS) (Gutteridge & Halliwell, 1990). A simple HPLC method for 
determining total MDA, including both free and that released from its precursor in 
vegetable oils was developed by Bird gW/., (1983). This method improves the
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specificity of the TBA test by using HPLC to separate the (TBA)2-MDA adduct 
from other components absorbing at 532 nm.
1.8.4. Nuclear magnetic resonance (NMR) spectroscopy
The application of NMR spectroscopy as an analytical tool reduces problems 
encountered with conventional methods. These methods are generally time- 
consuming and often involve extensive manipulation of the samples causing 
chemical changes in the lipid fractions. Previous studies (Shoolery, 1977; Bonnet 
et ah, 1990) have shown that ^^ C NMR provides a relatively fast and reliable 
method to estimate the proportions of saturated, mono- and diene-polyunsaturated 
fatty acids in vegetable oils.
Hydroperoxides produced during the oxidation of n-3 fatty acids, especially EPA 
and DHA, may be important precursors of volatile compounds contributing to 
oxidative deterioration of fish muscle. ^H NMR spectra have been used in studies 
of the oxidative deterioration of fats and oils (Frankel et al, 1990. Von Os et al, 
1981). A study carried out by Aursand et al, (1992), on Atlantic salmon has 
shown a peak at 87 ppm, corresponding to the hydroperoxide carbon. Some weak 
signals were observed in the *H NMR spectrum, which were assigned to 
conjugated trans-cis double bondS of oxidised polyunsaturated fatty acids of tissue 
lipids. Amsand et al, (1992) confirmed that NMR in combination with ^H 
NMR spectroscopy can be of great value when studying the decomposition 
processes occurring during frozen storage.
1.8.5. Electron paramagnetic resonance (EPR) spectroscopy
EPR is an extremely useful tool in the study of labile free radical reactions 
(Roubal, 1970). Although Roubal’s findings were met with scepticism, 
nonetheless, Roubal's poineering studies indicated that EPR could be a potentially
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powerful technique for studying radical production in oxidising lipid-protein
systems.
EPR studies were mainly undertaken to establish whether or not free radical 
formation in proteins results from reaction with peroxidising lipids, and to 
determine the effects of oxidation conditions on the free radical interactions 
( Schaich and Karel, 1975). Substantial evidence has been compiled to show that 
oxidising lipids do in fact transfer free radicals to proteins and that the resulting 
protein radicals are sufficiently stable to be detected and identified by EPR 
spectroscopy.
The characteristics of free radical transfer from oxidising lipids to proteins were 
mainly studied in dry model systems in which radicals may be stabilised for direct 
observation by EPR. However, recent investigations using neutral aqueous 
emulsions of ovalbumin and methyl linoleate incubated at 37°C (then frozen for 
EPR analyses) have shown that radicals are in fact transferred in solution as well 
as in solid state (Schaich, 1980). It is evident from the signals that disulphide-type 
radicals aie stabilised in solution.
1.8.6. Fluorescence measurement
Fluorescence measurement has been developed into a useful analytical method for 
quantitating oxidation damage of biological materials (Fletcher et al, 1973). The 
method was extended by Trombly and Tabbel (1975) who found another 
excitation maximum at 260-280 nm in addition to the commonly observed 
excitation at 350-390 nm. The 1 -amino-3-iminopropene fluorescence could be 
distinguished from other fluorochromes by the application of various tests used to 
perturb the fluorophore, such as adjustment to basic pH or addition of a metal 
coordinator (Malshet et al, 1973). CHCI3-CH3OH extractable material was 
analysed for fluorescence rather than water-soluble material mainly because the 
CHCL3-CH3OH solubles yielded more reproducible data. These lipid-soluble
41
______________________________   Chapter One
fluorochromes were suggested by Gardner (1979), to be Schiff base adducts of 
MDA with amino-phospholipids.
Extracts of rancid herring yielded fluorescence spectra characteristic of both 
MDA-amine and MDA self-condensation products. A glucose-glycine browning 
reaction also produced MDA-amine type of fluorochrome with excitation 
maximum at 350 nm and emission maximum at 430 nm (Adhikari and Tappel, 
1975). While it is expected that MDA will react with free amino groups of 
proteins, particularly the s-amino group of lysine, certain other amino acid 
residues also are sensitive to MDA (Gardner, 1979). When myosin was incubated 
with MDA at -20°C for 6  days, methionine, lysine, tyrosine, and arginine residues 
were partially lost; at lOO'^ C for 1 minute, histidine, tyrosine, arginine, and 
methionine were damaged (Buttkus, 1967).
1.8.7. Gas chromatography with mass spectroscopy (GC-MS)
GC-MS of trimethylsilyl (TMS) ether derivatives have been used in a number of 
structural investigations of autoxidised fatty esters (Kleiman and Spencer, 1973; 
Piretti et al., 1973; Terao and Matsushito, 1986). The most important advantage 
of the GC-MS method is enhanced sensitivity. The disadvantage of this method is 
the complex derivatisation protocols required to make the analytes suitable to GC- 
MS analysis. A typical derivatisation protocol for fatty acid hydroperoxides 
involves reduction of the double bonds and hydroperoxides, saponification of the 
glycerol and cholesterol esters, estérification of the carboxylic acid and silylation 
of the hydroxyl group (Thomas et al, 1991; Thomas et al, 1992; Guido et al, 
1993). Despite the complexity of the derivatisation and analysis protocols, the 
increased sensitivity obtained by GC-MS analysis is substantial and allows the 
analysis to be carried out on specimens that cannot be analysed by other methods, 
(Turnipseed a/., 1993).
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1.9. C onclusion
Consumers are demanding from manufacturers and the government substantial 
details on the safety of the products they purchase, including the ingredients and 
preservatives used in the products. People are also selecting particular foods for 
organoleptic and nutritional reasons. Lipids especially omega-3 PUFA are 
beneficial and widely used in variety of products but their susceptibility to 
oxidation is a major problem as they produce undesirable flavours and odours.
Thus, lipid oxidation remains a major concern of food manufacturers. Although 
much research has been conducted in the past decade, development of cheaper, 
sensitive, specific and quicker methods to improve methods for food quality 
assessment are still lacking. However, we have better understanding of the 
mechanism of lipid oxidation and ways of preventing it, using packaging methods 
and antioxidants. Because of the potential health hazard of synthetic antioxidants, 
the use of antioxidants from natural sources is favoured and these have been 
considered in the following chapters.
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CHEMICAL COMPOSITION AND PROXIMATE 
ANALYSIS OF ATLANTIC MACKEREL 
{SCOMBER SCOMBRUS)
Chapter Two
2.0. Introduction
Atlantic mackerel {Scomber scombrus) is considered an underutilized species, 
abounding in the Northwest Atlantic ocean and belongs to the family Scombridea. 
Mackerel is a pelagic and migratory fish of the open sea, measuring between 14- 
18 inches in size and from 0.45-0.91 kg in weight (Fig. 2.1).
Fig. 2.1. Photograph of Atlantic mackerel {Scomber scombrus)
The anatomical, physiological and biochemical properties of pelagic species, 
characterise their mode of life and feeding habits, that result in distinctive 
chemical compositional features in various tissues but particularly in the 
musculature. Mackerel is a fatty pelagic fish, with high and largely seasonal 
variable lipid content. They tend to be migratory and therefore have high 
proportions of dark muscle with its associated aerobic type of energy metabolism. 
The lipids are not only stored in the dark muscle in mackerel, but also in depot
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cells elsewhere, in layers under the skin and within the white muscle (Fig. 2.2; 
table 2 .1).
White
muscle
Dark
muscle
Total lipids 
% wet tissue
2.3 13.1
% total lipids
Phospholipids 24.0 19.0
Triglycerides 70.9 76.8
% w et tissue
Phospholipids 0.6 2.5
Triglycerides 1.6 10.1
Table 2.1. The lipid content of white and dark muscle of Atlantic mackerel 
{Scomber scombrus) (Love, 1988)
The yields of edible flesh which can be obtained from different species determine 
whether or not particular' fish can be exploited, or whether or not certain 
processing operations can be performed economically. The typical yields from 
whole Atlantic mackerel {Scomber scombrus) are shown in table 2.2.
Y ields from the w hole fish (%)
Trunlc 60-75
Fillet 33-68
Edible flesh 48-75
Table 2.2. The percentage yields of edible flesh from whole mackerel (Leu et
al., 1981)
The muscle lipids of mackerel are of special interest as both light and dark meats 
are eaten, whereas in some other fatty species, such as tuna, which have different
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muscle type, the dark muscle are not utilized for human food. The muscles that 
cover a fish fillet are known as the large lateral muscles, which run on both sides 
of the body. They are covered by thinner layers of muscles, stretching beneath the 
skin. The large lateral muscle are called the white or ordinary muscles. The 
subcutaneous muscle contains substantial myoglobin and is called the red or dark 
muscle. In most species, the dark muscle lies as a subcutaneous layer in the 
region of the lateral line; it is thickest just under the lateral line and tapers off 
dorsally and ventrally. In the pelagic species the layer is noticeably thicker in all 
comparable regions than it is in the non-pelagic ones. In addition to the 
subcutaneous layer, some of the most active fish, like mackerel, have blocks of 
deep-seated dark muscle situated near the vertebrae (Fig. 2.2.).
Fig. 2.2. Section through the body of mackerel showing the depth of dark
muscle
Compared to mammals different arrangement of muscle cells are found in fish 
(Fig.2.3); instead of being connected to tendons the cells are bound together, one 
cell deep and parallel to one another, to form the segments or myotomes of 
muscle. These blocks of muscles are shaped like the letter “W” and are oriented 
^cross the midplane of the fish with their central parts directed toward the head of 
the fish (Mackie, 1993).
The main chemical components of fish meat are water, crude protein and lipids 
which make up about 98% of the total mass of the flesh. These components have 
the largest impact on the nutritive value, the functional properties, the sensory 
quality and the storage stability of the meat. The other constituents, i.e..
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carbohydrates, vitamins, and minerals, although minor in quantity, also play a 
significant part in the biochemical processes taking place in the tissues post­
mortem. They are co-responsible for the sensory properties, nutritive value and the 
wholesomeness of the product.
Mu s c l e
Musc le  cel ls
Z disk A band I band M u s c l e  f.ber or cel l
p**---- - -  M y o f ib r i l
' '  Z  Z
Myo fi l ament s ?o G - a c t i n  
0° m o l e c u l e s
.   " . . .
F - a c t i n  f i lament
My os i n  f i lament
S ar co mer e
Myo si n  mol ecul e
Fig. 2.3. Fish muscle cells and component myofîbrils showing arragement of 
thick and thin filaments of the contractile mechanism. Thick filament length 
1.6 pm (spacing 35-40nm). Thin filament length 1pm
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2.1. M aterials
Atlantic mackerel {Scomber scombrus) fillets were supplied by Food Science 
Laboratories Tony Research Station, Aberdeen. Kjeldahl catalyst, hydrogen 
peroxide, glycerol and glycine were obtained from BDH laboratories, U.K. 
Sodium hydroxide, sodium chloride, sodium acetate, sodium hydrogen carbonate, 
bovine serum albumin, fatty acid standards, protein standards, triethyl amine 
(TIE), phenyl isothiocyanide (PITC) sodium dodecyl sulphate (SDS), 
mercaptoethanol (ME), TCA, Coomassie blue R-250, urea and tris-buffer were 
bought from Sigma-Aldrich Company Ltd, Dorset, U.K. Coomassie blue (G-250) 
protein assay reagent was purchased from Pierce, Rockford, Illinois, U.S.A. 
Sodium in methanol and methyl tetrabutyl ether (MTBE) were obtained from 
Varian Ltd, Surrey, U.K.
2.2. M ethods
2.2.1. Soxhlet method for extraction of lipids.
Fish muscle samples were homogenised and then transferred into cellulose 
thimbles for continuous liquid extraction with a Soxhlet extraction unit. Samples 
were mixed with sand and anhydrous sodium sulphate for a better extraction. The 
extraction proceeded for 2-3 h using petroleum ether (bp 40-60°C) as solvent. To 
prevent potential oxidation due to light sources, the glassware was wrapped with 
aluminium foil. After evaporation of the solvent with a rotary evaporator, the oil 
extracts were stored under nitrogen in a sealed vial at -20°C until ftirther analysis.
2.2.2. Kjeldahl procedure for determination of nitrogen in food
The protein content of fish muscle was estimated ft-om the organic nitrogen 
content determined by the Kjeldahl procedure described in the AO AC manual 
(AOAC, 1975). Prior to the start of experiment the digestor was heated to 370- 
420°C. Samples (2g) were homogenised and then transfened to a digestion tube. 
Sulphuric acid 0.05 M was added (25 ml) with one tablet of catalyst (5g K2SO4;
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0.15g C11SO4 . 5 H2O; 0.15g T1O2) and Ig K2SO4 . A further 10 ml of sulphuric acid 
was added followed by 10 ml of hydrogen peroxide. The mixture was mixed well 
and left for a few minutes. The tube was placed in the digestor and a venting tube 
was attached to remove the acid vapour. The digestion was allowed to continue 
for 1 h 45 min until the mixture turned clear. The tubes were removed and left to 
cool for 10 minutes. Distilled water was added (75 ml), while 25 ml of boric acid 
solution was placed in a titration receiver flask. When the mixture was cooled, the 
tube was attached to the distillation unit. Sodium hydroxide (70 ml) was dispensed 
into the mixture and the sample was steam distilled for 5 min. The ammonia 
collected in the flask containing boric acid and a few drops of methyl red indicator 
solution (0.125g methyl red and 0.082g methylene blue per 100 ml ethanol) was 
titrated against 0.05 M sulphuric acid to a grey end point. A blank determination 
was also undertaken.
The amount of nitrogen was calculated from the relationship of 1 ml of 0.05 M 
H2SO4 = 0.0007 g of nitrogen, and %N was calculated from the following 
equation:
%N = 100 X ( ml of titrant of sample -  ml of titrant of blanks) x 0,0007
g of sample
Crude protein was calculated from N x factor specific for different products. In 
meat products the factor is 6.25, thus, %protein = N X 6.25.
2.2.3. Determination of moisture content
' A  moisture dish was dried in an oven (100°C) for 20 minutes, cooled in 
dessiccator and then weighed. A mackerel sample (5g) was transferred into the 
moisture dish and placed in an oven (100®C) for 3 h. After 3 h the moisture dish 
was talcen out of the oven, allowed to cool and then weighed.
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2.2.4. Extraction of sarcoplasmic proteins
A mackerel sample (Ig) was homogenised in 10 ml ice cold distilled water using 
the Potter/Elvehjam apparatus. The homogenate were kept cool on an ice packet at 
4°C for 20 minutes and then centrifuged at 10,000 x g in a refrigerated centrifuge. 
The supernatant was filtered and used within one day of extraction for SDS-gel 
electrophoresis, protein determination and amino acid composition by HPLC.
2.2.5. Extraction of myofibril proteins
A mackerel sample (Ig) was homogenised in ice cold NaCl solution (5% w/v) 
adjusted to pH 7.4 with 0.02 M sodium hydrogen carbonate solution. The mixture 
was allowed to stand on ice for 2 0  minutes and then centrifuged at 1 0 ,0 0 0  x g for 
20 minutes. The filtered supernatant was used for SDS-electrophoresis, protein 
determination and amino acid composition by HPLC within one day of extraction.
2.2.6. Protein determination by Coomassie blue method
Protein solutions (2000, 1500, 1000, 500, 250, pg/ml) were prepared by diluting a 
stock bovine serum albumin (BSA) standard (Bradford, 1976). The protein 
standard (0 .1  ml) or fish protein sample (0 .1  ml) was pipetted into a test tube, 
using the diluent as a blank. All assays were performed in triplicate. Coomassie 
protein assay reagent (5 ml) was added to each test tube and mixed well by 
vortexing. The absorbance was read at 595 nm within 90 minutes. The absorbance 
of the blank was subtracted from each standard and unknown fish protein sample 
absorbance. A standard curve was prepared by plotting the average net absorbance 
at 595 nm for the range of BSA solutions ( 250 - 2000 fxg/ml). Using the standard 
curve, the protein concentration was determined for each unknown fish protein 
sample.
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2.2.7. Derivatization of fatty acid methyl esters
Transestérification was performed according to Schmarr et al, (1996). Sodium 
methylate (10%) in methanol (2ml) diluted with MTBE (4:6 v/v) was added to the 
oil and mixed by vortexing for 1 min. The mixture was allowed to stand for Ih. 
After Ih, 2 ml of water and 5 ml of chloroform were added. The mixture was 
shaken for 1 minute and after 5 minutes of centrifugation at 3000 x g to facilitate 
phase separation, the upper layer was removed with a Pasteur pipette. An aliquot 
( 2  mi) of 1% (v/v) of citric acid in water was added to neutralise excess alkali. 
The sample was shaken, centrifuged and the aqueous phase discarded. The 
chloroform extract was evaporated under a stream of nitrogen in a warm water 
bath until the volume was reduced to 2 0 0 p,l.
2.2.8. Fatty acid composition determination by gas chromatography
The prepared fatty acid methyl esters (l|al) were then injected into a Varian Gas 
Chromatograph, Series 3600, with a hydrogen flame ionization detector using 
helium as a carrier gas. An initial temperature of 180®C for 4 minutes was raised 
to 250°C at a rate of 4°C/min. Standard reference fatty acids, were also 
chromatographed to identify the individual fatty acids.
2.2.9. Amino acid composition determination by Pico -Tag HPLC
Protein samples from either myofibrillar or sarcoplasmic proteins (20 p.1) were 
hydrolysed with 6 M HCl vapour and then heated under vacuum to 110®C for 24 h. 
The samples were taken out of the oven and were allowed to cool, then vacuum 
dried for 20 minutes before the drying solution [methanol (200 pi); IM sodium 
acetate (200 pi); triethylamine (100 pi)] was added. The samples were thoroughly 
dried under vacuum.
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Derivatising agent phenyl isothiocyanide (PITC) (50 jiil); methanol (350 pi); 
trimethylamine TEA (50 pi) and water (50 pi)], were added to each of the samples 
which were allowed to stand at room temperatures for 20 minutes. After 20 
minutes the samples were vacuum dried and the diluent buffer (600 ml 
acetonitrile; 400 ml water) was added to each sample. The samples were ready to 
be injected into the HPLC (Water’s pump, model 150 and sample collector, model 
712). The following gradient system was used: 100% A (water (19g sodium 
acetate trihydrate):acetonitrile, 95:5) to 100% B (acetonitrile:water, 60:40). The 
running time was 30 minutes.
Amino acid analysis was undertaken using a PICO TAG Amino acid analysis 
system (Waters, Millipore Co. Milford MA) utilizing a Nova-pack C l8  column 
(3.9 X 150 mm. Waters). Detection was performed at 254 nm (Rapiscan from 
Severn Analyical, model SA 6508) and data was recorded using a computer 
integrated package (Maxima 820 software).
2.2.10. SDS-electrophoresis of fish protein.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis of salt soluble fish 
muscle extract was undertaken according to Hames and Rickwood (1983). Two 
acrylamide, corresponding to the lowest and highest concentrations in the gradient 
mixtures (5-20%) were prepared and were mixed using a gradient mixer to make a 
gradient gel. A stacking gel (3%) was also made. Protein samples (200 pi) were 
dissolved in the sample buffer [glycerol 10%; SDS 2%; MCE 5%; 0.5 M Tris- 
buffer pH 6 .8 ; bromophenol blue (0.001%); H2O (50%)], a sample aliquot (20 pi) 
was loaded onto the gel. Reservoir buffer [Tris-HCl (12 g); glycine (57.4 g); SDS 
(4 g) in 4 L of distilled water] was poured into the electrophoresis upper and lower 
tanks. The voltage was set at 500 V and current at 20 mA. The gel was run until 
all bands were in the lower gel (~ Ih) after which the cunent was increased to 50 
mA. The electrophoresis was stopped when the marker dye reached the bottom of 
the plates (~ 4h). The gel was stained with the staining solution [TCA (10%); 
methanol (40%); coomassie blue R-250 (0.1%); water (2 L)] for 30 minutes and
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then washed repeatedly with destaining solution [ methanol (800 ml); acetic acid 
(200ml);H20 (1 L)].
2.3. R esults and D iscussion
The size of Atlantic mackerel used in this study varied between 180 to 210 cm in 
length, and between 325 to 360 g in body weight. The proximate composition of 
Atlantic mackerel caught between period of October and December is listed in 
(Table 2.4). The moisture content for mackerel is high, 72.7 %, and is strongly 
affected by seasonal variation (Love 1980; Leu et ah, 1981; Love, 1988; Ackman 
and Ratnayke, 1992). The moisture content in active fish like mackerel is 
important as it plays an integral part as a host for many organic and inorganic 
solutes, provides the environment for biochemical events in the cells, takes an 
active part in many reactions and has a large impact on the conformation and 
reactivity of proteins. Commercially the hydration of proteins is responsible for 
the rheological properties and juiciness of fish muscle.
(g/lOOg fish)a
Moisture
Lipid
protein
72.70(±2.6) 
3.14 (± 1.20) 
20.03 (± 0.06)
a = wet weight basis.
Table 2.4. Proximate composition of the edible portion of Atlantic mackerel. 
Values are mean of three samples and the standard deviation is shown in 
parenthesis
54
Chapter Two
The lipid content of Atlantic mackerel (table 2.4) is similarly influenced by 
seasonal variation (Ackman and Eaton, 1971). The percentage of lipid present was 
found to be high compared to fish like cod, and this value is in agreement with 
values found by other researchers (Hardy and Keay, 1972) who found that the 
moisture and lipid content are interrelated, i.e. they are directly proportional to 
each other (Burt and Hardy, 1987). This is commercially important, the lower the 
moisture content, the lower the fuel costs spent to evaporate water and the greater 
is content of lipid which has higher commercial value.
The fatty acid composition of Atlantic mackerel is presented in table 2.5. 
Mackerel contains a high percentage of polyunsaturated fatty acids (20:5 and 
22:6). The values are given as weight percent of total fatty acid methyl esters, only 
those fatty acids that were consistently detected at the level of about 1% or more 
of the total are given. These data are in agreement with the fatty acid profile 
gathered by other researchers (Ackman and Eaton, 1971; Leu et al, 1981). It is 
generally recognised that PUFA composition may vary according to the season the 
fish were harvested. However, it is always necessary to study the amount of PUFA 
content when working on certain fish, as this gives you the commercial value of 
that fish in question as a mean of improving health. The use of fish or fish oils rich 
in both omega-3 and 6  in food may provide a more balanced diet. Although 
Atlantic mackerel is an under utilised fish species for human consumption, 
mackerel oil is widely used in industry and in food manufacture.
The composition of myofibrillar and sarcoplasmic proteins extracted from Atlantic 
is listed in Table 2.6. The value obtained for sarcoplasmic proteins is 6 . 6  mg/ml. 
The sarcoplasmic proteins found in marine fish are normally 30% of the total 
amount of proteins in fish muscle (Acton and Rudd, 1987). The term sarcoplasmic 
proteins usually refers to the proteins of the sarcoplasm, the components of the 
extracellular fluid and the proteins contained in the small particles of the 
sarcoplasm (Mackie, 1993). The high amount of sarcoplasmic proteins which 
contains enzymes such as ATPase are found in pelagic fish like mackerel and
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reflects the high level of activity of pelagic species (Matsuura and Hashimoto, 
1954).
Peak Assignment % of total
Myristic acid 14:0 6.72 (± 0.05)
Palmitic acid 16:0 14.73 (±0.18)
Palmitoleic acid 16:1 5.74 (± 0.05)
Stearic acid 18:0 3.75 (± 0.04)
Oleic acid 18:1 (A9/A7) 17.76 (±0.06)
Linoleic acid 18:2 (A6 ) 1.77 (± 0 .0 2 )
Linolenic acid 18:3 (A6/A3) 1.78 (± 0 .0 1 )
Eicosaenoic acid 20:1 (A4) 8.79 (± 0 .0 2 )
Octadecatetraenoic acid 18:4 (A4) 3.80 (± 0 .0 2 )Behemic acid 2 2 : 0
Erucic acid 
EPA^
0.81 (± 0.03)
22:1 (A9/A11) 14.82 (± 0.05)
DHA"
20:5 (A3) 5.83 (± 0 .0 1 )
22:6 (A3) 14.84 (± 0 .1 0 )Total of saturates
Total of monoenes 24.81
Total of polyenes 46.18
25.39
Table 2.4. Fatty acid profile* of Atlantic mackerel lipids extracted from white 
muscle. The values are mean values of three samples and each sample was 
pooled from 9 fillets, (a) Eicosapentaenoic acid (EPA), (b) docosahexaenoic 
acid (DHA). ± SD is presented in parenthesis 
* = wet weight basis
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Protein sample concentration (mg/ml)*
Water soluble protein 
Salt soluble protein
6 .6
7.2
Table 2.5. Protein concentration of myofibrillar and sarcoplasmic p rotein s 
determined by the Coomassie assay. The values are mean of two samples
* = Wet weight basis
The amount of salt soluble proteins obtained was 7.7 mg/ml (table 2.6), and they 
make up from 40 to 60% of total fish meat proteins. The main constituents of 
myofibrillar proteins are presented in Chapter one. The composition of both 
sarcoplasmic and myofibrillar proteins are presented in SDS-PAGE Plate 2 .1 . 
Lanes 3 and 4 exhibit all major bands of myofibrillar proteins including myosin 
heavy chain (MCH), actin, troponin T (Tn T), tropomyosin (Tm), myosin light 
chains (LG 1), (LC 2), (LC 3) and troponin C (Tn C). Lanes 1 and 2 represent 
sarcoplasmic proteins, which had molecular weights of about 75 KD, 56 KD, 46, 
41, 39, 39, 35, 29, 25, and 16 KD.
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205 KD
117 KD 
105 KD 
95 KD  
90 KD
75 KD 
66 KD 
45 KD 
40 KD 
36 KD
30
14
M yosin
Actm
Plate 2.1. Gel-electrophoresis of myofibrillar and sarcoplasmic proteins 
extracted from Atlantic mackerel
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Amino acid Concentration (g/lOOg protein)*
Aspartic acid 12.70 ±0.03
Glutamic acid 17.89 ±0.03
Serine 3.98 ±0.05
Glycine 7,98 ±0.03
Histidine 5.91 ±0.04
Arginine 6.47 ±0.02
Tyrosine 3.98 ±0.03
Alanine 5.98 ±0.04
Proline 2.00 ±0.04
Threonine® 4.00 ±0.01
Valine® 5.5 ±0.01
Methionine® 2.05 ±0.02
Cystine 0.03 ±0.01
Isoleucine® 6.09 ±0.04
Leucine® 10.02 ±0.02
Phenylalanine® 4.13 ±0.02
Lysine® 6.77 ±0.04
*= Wet weight.
®== Essential amino acids
Table 2.6. Amino acid composition of Atlantic mackerel. The values are 
mean values of three samples and each sample was pooled from 9 fillets. The 
C.V for all amino acids tested was approximately 1%
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Fig. 2.3. Amino acid profile of a protein standard used in the study
2.4. C onclusion
Atlantic mackerel contains high percentages of both lipid and protein, as shown in 
this chapter. A high content of œ-3 PUFA makes mackerel very important 
nutritionally. The high percentage of protein may be used to solve protein 
shortages around the world, especially in the third world countries. However, the 
high content of PUFA means an increase in lipid oxidation processes. In the 
following chapters, methods in analysing and preventing lipid oxidation products 
in Atlantic mackerel are examined.
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3.1. Introduction
The importance of lipid oxidation in food processing and its prevention, has been 
discussed in Chapter one. Shelf life is an important aspect for both financial and 
health reasons as food needs to be stored and transported before sale and 
consumption. In addition there is increasing consumer awareness of the nutritional 
importance of polyunsaturated lipids in foods; as discussed in Chapter one.
^ .1 .1 . Choice of high pressure liquid chromatography (HPLC) method and 
sample preparation
Liquid chromatography techniques are becoming essential in an ever-increasing 
range of scientific disciplines and in all well-equipped analytical laboratories 
involved with separation and identification of organic compounds. The basic 
chromatographic process consists of the partition of sample molecules between a 
mobile fluid and a stationary phase; the stationary phase is held in a column and 
the mobile phase is pumped over it.
One of the major features of HPLC is the wide range of types of chromatography 
that can be employed (Fig. 3.1.), enabling many different classes of compounds to 
be successfully chromatographed. The main problem in identifying food 
components is the extraction procedure that is often required prior to HPLC to 
isolate the compounds of interest in a sufficiently pure state and with high 
recovery. Solid phase extraction utilises the same analyte/sorbent interactions that 
are exploited in the powerful separation technique of HPLC. There are three 
general extraction mechanisms used in solid phase extraction: non-polar, polar 
and ion-exchange. Sorbent mechanism selection is primarily based upon the 
functional groups present on the analyte and the composition of the sample matrix. 
Bond Elut extraction cartridges are packed with a variety of surface-modified 
bonded silica sorbents which selectively retain specific classes of chemical 
compounds fi’om within a given matrix. In the case of separating hydroperoxides 
from the rest of lipid components, Bond Elut was used (Fig. 3.2), with good 
results.
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Fig. 3.1. Types of chromatography (Gordon and Macrae, 1988)
63
Chapter Three
V V
CONDITIONING
Conditioning the sorbent prior to sample 
application ensures reproducible retention 
of the com pound of interest (the isolate).
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RINSE
A Rinse the columns to remove undesired 
matrix com ponents
ELUTION
•  Undesired com ponents remain 
■  Purified and concentrated isolate ready 
for analysisFig. 3.2. Diagramatic representation of the elution scheme used for Bond Elut 
separation and isolation of hydroperoxide products from lipids on 
aminopropyl columns
3.1.2. HPLC determination of lipid hydroperoxides
Investigation of the initiation process of lipid oxidation has proved to be quite 
difficult, as only a few of the initiating species are usually generated before 
propagation commences. This is particularly true for fish as the intermediate 
hydroproxides are extremely unstable, due to their highly polyunsaturated nature, 
and break down almost instantaneously. The use of HPLC avoids the challenges
^  pS -s .- . -I
of preparing the relatively labile hydroperoxides for gas chromatography. HPLC 
methods also allow the direct analysis of esterified forms of the hydroperoxides 
and their alcohol derivatives. Both reversed phase chromatography with methanol-
Û- f)., 1981
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water based mobile phase and silica chromatography with chloroform-methanol 
based mobile phases have been used successfully (Kinter, 1995) to quantitate the 
hydroperoxides in the different phospholipid classes and cholesterol esters.
3.1.3. Peak identification and quantitation
The limiting factor for peak identification and quantitation is usually the 
availability of standards of these oxidation products. The majority of standards of 
compounds resulting from oxidative attack on octadecadienoic acid, 5(8), 9  (S), 
13(S)-H0DA were obtained from Sigma.
3.2. Identification o f  oxidation products by m ass spectroscopy
3.2.1. Introduction
Mass spectrometry is a powerful technique for confirming the purity of a sample 
and quantitative analysis of mixtures. Ions of different molecular mass are 
produced when a sample is bombarded with a beam of electrons. These ions are 
then separated from each other according to their molecular mass prior to 
detection. The molecular or parent ion which is produced from the sample 
molecule by loss of an electron, is observed together with a large number of ions 
produced by characteristic fragmentations of the molecular ion.
The molecular or parent ion gives the relative molecular mass of the compound 
directly, while the fragmentation pattern provides a fingerprint which is used for 
identification of the molecule. The final data consists of a series of peaks of 
diffeient intensity plotted against the mass-to-charge ratio (ju/z), A simple mass 
spectrometer system is illustrated in Figure 3.3..
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Fig. 3.3. A simple diagram of a mass spectrometer 
3.2.2. GC-MS spectroscopy
Separation of complex mixtures by gas or liquid chromatography are usually 
required before subjecting them to mass spectroscopy. Small-bore capillary 
columns can be coupled directly to the mass spectrometer. Wider bore capillary 
columns and packed columns are coupled through an interface (Fig. 3.4) which 
reduces the carrier-gas flow by the use a molecular separator. A molecular 
separator selectively removes carrier-gas molecules from the gas flow entering the 
mass spectrometer. One example of a molecular separator is the jet separator 
which relies on differences in the rates of diffusion of gases in an expanding jet 
stream (Fig. 3.4a). The carrier gas from gas chromatography which is lighter 
diffuses outwards more rapidly into the area of reduced pressure than the heavier 
organic molecules and they are pumped away preferentially. The heavier sample 
molecules move in the core of the jet stream towards the inlet of the mass 
spectrometer.
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Another example of a molecular separator is the semipermeable membrane 
sepaiator which relies on the adsorption of organic sample molecules on a 
semipermeable silicone polymer membrane followed by diffusion of the organic 
molecules through the membrane to the mass spectrometer (Fig. 3.4b). The carrier 
gas from the gas chromatography such as helium may have a high diffusion rate, 
but they are not adsorbed by the membrane and therefore do not pass through the 
separator. The effusion separator is another example of a molecular separator 
which relies on the use of porous glass or metal tubes through which the carrier- 
gas molecules diffuse preferentially (Fig. 3.4c).
3.2.3. Analysis of oxidised lipids by GC-MS
GC-MS has been extensively used in identifying products of oxidation (Powell et 
al, 1967; Kleiman and Spencer, 1973; Frankel et al, 1979; 1981), specially using 
pure fatty acids. However, in the last few years GC-MS was applied in more 
complex systems, for example in identifying hydroxy fatty acids derived from 
linoleic acid in human low density lipoproteins (LDL) of atherosclerotic patients 
(Wang and Powell, 1991; Lehmann et al, 1992). Silylation of hydroxyl groups in 
the methyl esters of unsaturated hydroxy acids provides compounds that give mass 
spectra which can be readily interpreted. In this study GC-MS was an excellent 
techmque for the confirmation of the presence of hydroxy derivatives of 
hydroperoxides in both methyl linoleate and frozen mackerel oil.
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Fig. 3.4. GS-MS molecular separators; (a) the jet separator; (b) the 
semipermeable membrane; (c) the effusion separator
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3.3. M aterials
Atlantic mackerel (Scomber scombrus) was supplied by Food Science 
Laboratories, Torry Research Station, Aberdeen. Methyl linoleate and standard 
mixtures of 5,9,13-hydroxyoctadecaenoic acid, ascorbic acid and a-tocopherol 
were purchased from Sigma-Aldrich, Dorset. Sodium (10%) in methanol, tert- 
butyl methylether (MTBE), pyridine and N,0-Bis(trimethylsilyl)acetamide with 
5% trimethylchlorosilane (TMS) were all obtained from Fluka Analytika. Sodium 
borohydride was from BDH laboratories, and bonded amino-phase SPE cartridges 
were from Varian sample preparation products. Anhydrous sodium sulphate was 
bought from Fisons analytical reagent. The rest of the reagents used were 
analytical grade. Antioxidants BHT and BHA were a gift from Jan Dekker 
International Wormerveer, the Netherlands.
3.4. M ethods
3.4.1. Preparation of oxidised methyl linoleate
A model system of oxidised methyl linoleate was prepared by pouring methyl 
linoleate (3ml) into quartz cuvettes. The samples were either placed under ultra 
violet radiation for up to 48 h or oxygen was bubbled thiough for 6  h. Aliquots of 
50-100 pi were taken after one hour and then every 6  h up to 48 h.
3.4.2. Sample treatment
Matched pairs of fish fillets were stored at -20°C or -30°C upon arrival in the 
laboratory. Others were chopped and minced with or without vitamin E, a- 
tocopherol (200 ppm) and stored at -10°C. A high temperature of -10°C was used 
instead of-20°C or -30°C in order to accelerate the changes in frozen storage.
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3.4.3. Lipid extraction from frozen mackerel
Lipids were extracted from fish fillets by the Bligh and Dyer (1957) method. 
Portions of mackerel (Ig) were chopped and homogenised with a mixture of 20 ml 
of chloroform and 40 ml of methanol. A further 20 ml of chloroform were added 
and the mixture was homogenised for another 30 seconds. This was followed by 
20 ml of water and further homogenisation for 30 seconds. The final mixture was 
centrifuged 3000 x g, the bottom layer was collected in a flask and the organic 
extract was evaporated using a Buchi rotary evaporator. An aliquot (200 pi) of the 
oil collected was stored for transestérification.
3.4.4. Transestérification
Transestérification was performed according to Schmarr et al, (1996) as described 
in section 2.2.7.
3.4.5. Purification of hydroperoxides by LC fractionation on amino-phase 
SPE cartridges.
To remove traces of moisture and to ensuie reproducible retention behaviour, a 
small amount of anhydrous sodium sulphate was placed on top of 500 mg of 
bonded amino-phase SPE cartridges which were then conditioned with 5 ml 
hexane. The transesterfied lipid was redissolved in 250 pi chloroform, transferred 
onto the cartridges with a pasteur pipette, and washed again with 2  x 2 . 5  ml 
hexane. A polar material containing the components of interest was eluted with 7 
ml acetone and collected in a round bottom flask. Elution from the SPE cartridge 
proceeded under gravity only at a flow rate of 0.3-0.5 ml/min.
3.4.6. Analysis of hydroxy derivative of hydroperoxides by HPLC
The acetone extracts were poured into 250 ml conical flask and acetone was 
evaporated under pressure using a rotary evaporator. The residue was reconstituted
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with 200 pi of eluting buffer. A Hichrom Kromasil 100 5C18 column (4.6 mm i.d 
X 25 cm) was used for the separation of products of hydroperoxides using acetic 
acid-methanol-water (0.1-65-35) solvents.
3.4.7. Derivitisation of the hydroxy fatty acid to trimethylsilyl ethers (TMS 
Ethers).
The acetone fraction which contains the hydroperoxides was dried under a stream 
of nitrogen. Then, 100 pi of diy pyridine and 100 pi of BSA+ 1% TMCS were 
added and, after flushing with nitrogen, the vial was sealed. Gently turning the vial 
and final vortexing ensured good solvation of the residue in the reagent. After a 
reaction time of 3-4 h at room temperatuie, the sample was ready for injection into 
the GC-MS.
3.4.8. Analysis of hydroxy derivatives of hydroperoxides by NMR 
spectroscopy
Methyl linoleate hydroperoxides and hydroperoxides of fish lipid extract (100 mg) 
mixed with CD3CI (0.5 ml) were analysed by NMR on a Bruker AC 300E. 
The experimental conditions were: proton noise decoupling, 4091 data points; 
spectial width 25 Khz; pulse angle 33° and pulse repetition time 4.31 seconds.
3.4.9. GC-MS analysis
Gas chromatography/mass spectrometry (GC/MS) was carried out on a Fisons MD 
800 gas chromatograph equipped with an El ion source operated at 70 eV. A 
Fisons GC 8000 gas chromatograph using DB-1 fused silica gel capillary column 
(30 m X  0.32 mm i.d) was used for sample separation. The injector temperature 
was kept at 280°C. The temperature programme was set at: 50°C to 220°C at a 
rate of 20°C/min and then 5°C/min until 285°C.
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3.5. R esults and discussion
Most of the hydroperoxides produced during the oxidation of methyl linoleate 
were spontaneously reduced to their more stable hydroxy derivatives during the 
separation of the esterified hydroperoxide fatty acids from the esterified fatty 
acids. This was confirmed when the standards of the hydroperoxyoctadecadienoic 
acid (HPODA) were passed through the amino-phase SPE cartridges and stable 
hydroxy derivatives were produced. HPLC provided a simple and very usefiil 
method for investigating the initiation, propagation and termination stages of lipid 
oxidation in detail. Fig. 3.5; 3.6; 3.7; 3.8. show the development of hydroxy 
derivatives of hydroperoxides from methyl linoleate, oxidised under UV radiation 
for 1 , 6, 24 or 48 hours.
After 1 h, minor peaks were observed indicating the commencement of oxidation 
and the development of the hydroxy derivative of hydroperoxides. The observed 
peaks were products of hydroperoxides which decomposed to their corresponding 
hydroxy derivatives during purification (Fig. 3.5). A peak started to show at 6 h 
(Fig. 3.6) which became sharper and more prominent after 24 h (Fig. 3.7) and 48 h 
(Fig.3.8). Using authentic standards and the results obtained fi*om GC-MS to 
identify the positions of the hydroxides, it was shown that the peak eluted at 5.5 
minutes corresponded to the 13-HODA (trans-cis) and the peak eluted at 9.5 
minutes was assigned to the 9-HODA (trans-cis) isomer.
The mass spectra of the hydroxides formed from methyl linoleate and analysed by 
GC-MS are summarised in Fig. 3.11. The mass spectra scans of peaks 1, 2 and 3 
highlighted in Fig.3.11 are shown in Fig 3.12a, b and c respectively. All mass 
spectra scans showed that peaks 1, 2, and 3 represent isomers of molecular 
weight 382 and are consistent with the molecular formula C22H4203Si, which is 
the hydroxy derivative of the hydroperoxide. Ion firagmentation spectra of these 
three peaks indicated the major high mass fragment was m/e 225, which shows the 
location of the TMS group itself at the C-9 position. The m/e 311 peak locates the
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double bonds in the C-10 and C-12 position. The fragmentation of the compound 
is illustrated in (Fig. 3.12a)
The result obtained for methyl linoleate oxidised by uv radiation for 24 h and 
analysed by NMR is shown in Fig. 3.9. A peak at 87 ppm corresponding to a 
carbon atom carrying the hydroxy derivative was observed only for samples 
oxidised for 24 h and 48 h. In addition other peaks corresponding to methyl 
groups (0-10 ppm), CH2 group (20-30 ppm), olefenic group (130 ppm), and 
carboxylic group (173 ppm). Although NMR lacks sensitivity for 
measurements of products generated in the initial stages of oxidation, it is a 
useful technique for measuring the high concentrations of hydroxy compounds 
produced during the latter stages of oxidation.
In contrast the HPLC method was sensitive for analysing hydroxy compounds 
both in the initial and latter stages of oxidation. In addition HPLC was also 
successfully used to detect hydroxy derivatives not only for simple systems such 
as methyl linoleate but also for the more complex fish oil extracted from stored 
frozen Atlantic mackerel.
One major peak, assigned as 13-HOD A (trans-cis) was observed in 
chromatograms of oil obtained from fish stored at both -20°C and -30°C (Fig. 
10). However, for mackerel stored at -20°C the peak was bigger and two extra 
minor peaks were evident; these were absent from the spectra obtained from 
control fish fillets stored at -30°C. In contrast fish stored at -10°C gave higher 
amount of 9-HODA (Fig. 3.14a). Thus, the rate of oxidation, temperature and 
oxidising conditions appear to influence the nature of the products. When a- 
tocopherol was added to the mince fish prior to storage at -10°C (Fig. 3.14b), 
fewer, smaller peaks were observed in the chromatogram of fish stored with a- 
tocopherol whereas a mixture of peaks were evident in the chromatograms of the 
control fish. Similarly, in contrast to the results obtained for methyl linoleate 
oxidised under UV radiation indicating 9-HODA as the major product, 13-HODA 
(trans-cis) configuration was found for methyl linoleate oxidised with oxygen
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(Fig. 3.9). the production of different hydroxides probably arise from different 
methods of oxidation employed, either oxygen or UV radiation.
We have found fr om the results obtained from the trial study of fish stored at 
different temperatures that the immediate oxidationd product detectable at 235 nm 
is linoleate hydroperoxide.. Although other PUFA may be involved in the 
oxidation such as DHA and are probably responsible for the minor peaks observed 
in the HPLC chromatograms, the discussion has concentrated on linoleate which 
gave the largest peak and was verified using standards and GC-MS. The fatty acid 
profile of Atlantic mackerel is presented in table 2.4. Although linoleic acid is not 
present in large amounts, it has been demonstrated by Zhang and Chen (1997), 
that conjugated linoleic acids, both in the form of free acids and triglycerols, are 
extremely unstable, to the same extent as DHA, but they oxidise considerably 
faster than linolenic and arachidonic acids. This may present one explanation for 
the detection of linoleate hydroperoxides during the oxidation of Atlantic 
mackerel lipids.
It is interesting to note that after moderate oxidation of low density lipoproteins 
(LDL) from blood plasma, the main oxidation product was cholesterol linoleate 
hydroperoxide (Brooks et a/., 1971; Wang et al, 1992; Kritharides et al, 1993). 
Recent studies also showed the stability of 9-HODA and 13-HODA compared to 
9-HPODA and 13-HPODA ( Jira et al, 1996; Spiteller and Spiteeller, 1997; Jira 
et al, 1998). In these studies, it was observed that there was a strong increase in 
hydroxy fatty acids derived from linoleic acid in many pathological cases (Brooks 
et al, 1970; Harland et al, 1973; Belkner et al, 1991; Kuhn et al, 1992; Jira et 
al, 1996; Spiteller and Spiteeller, 1997; Jira et al, 1998). Thus, oxidation of 
linoleic acid seems to be a common process in mammalians after tissue injury, 
causing cell death. This might be the case in fish lipid oxidation, as observed in 
this study.
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3.6. C onclusion
HPLC is capable of separating hydroperoxide isomers from simple oxidised oils 
such as methyl linoleate as well as the more complex fish oils. The presence of 
hydroperoxides, but not specific ones, were confirmed by NMR and GC-MS. In 
contrast to ^^ C NMR technique which was useful for detecting and confirming the 
oxidation products after long periods of oxidation, due to the high sample 
concentration required, HPLC offered a sensitive means of detection of 
hydroperoxides and the breakdown products both in the initiation and latter stages 
of oxidation. The effect of antioxidants added to fish mince prior to storage can 
also be monitored by HPLC.
The importance of hydroperoxides in the occurrence of atherosclerosis lesions has 
been highlighted by Blankenhom et al, (1990). Thus the monitoring of lipid 
oxidation hydroperoxides and their alcohol derivatives by HPLC is of practical 
value in the efficient processing and quality control of fish, fish oils and other 
fatty foodstuffs in order to enhance the acceptability, nutritional and safety 
aspects.
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Fig. 3.5. HPLC chromatogram of methyl linoleate oxidised under UV 
radiation for 1 hour; 13-hydroxyoctadienoic acid (13-HODA), 9- 
hydroxyoctadienoic acid (9-HODA)
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Fig. 3.6. HPLC chromatogram of methyl linoleate oxidised for 6 hours
76
Chapter Three
1.05 “1
I
8
8CI 0 .4 9 - 9-HODA (trans-cis)
13-HODA (trans-cis) 13-HODA (trans-trans)
9-HODA (trans-trans)
-0.07
0 10 20
Retention Time (minutes)
Fig. 3.7. HPLC chromatogram of methyl linoleate oxidised under UV 
radiation for 24 hours
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Fig. 3.8. HPLC chromatogram of methyl linoleate oxidised under UV 
radiation for 48 hours
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Fig. 3.9. HPLC chromatogram of methyl linoleate oxidised with oxygen for 4
hours
CH3
CH2
C-OH
COOH
260 173 87 0
8 (ppm)
Rgwe 5.10 AliphaBo region of *H NMR spectra of urino flom volontcer.Fig, 3.10. NMR spectrum of methyl linoleate oxidised for 24 hours
78
Chapter Three
I
737
763 .774
81358 2
120C11001000900700600 600500400
Fig. 3.11 GC chromatogram of methyl linoleate oxidised for 24 hours
100-1 
a
%-
7 3
55 67
41
CHjOCOCCH^ :
225
130
79
93
I #
107
143  
.1 5 5
171
I 187 207
226
9 13
CH— C H = C H —C H = C H "
OTMS
 >-225
311
253
'I I'W I ’I"! 1’ 1‘ v
3 1 2
311-
382
383
L .
79
Chapter Three
225tOOn
130
226
382311227215 253
l OOn
130
% -
311
225143
171107 155 312 382226
269
100 150 200 250 300 350 400
Fig. 3.12. Mass spectra (GC-MS) of peaks that are present in Fig. 3.11. (a) 
Fragmentation of peak one, (b) fragmentation of peak 2 and (c) 
fragmentation of peak 3
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Fig. 3.13. HPLC chromatogram of fish oil extracted from Atlantic mackerel 
stored for 6 months at (a) -30°C and (b) -20°C
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Fig. 3.14. HPLC chromatogram of fish oil extracted from Atlantic mackerel 
stored at -10°C (a) without a-tocopherol and (b) with a-tocopherol
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4.0. Introduction
The oxidation of lipids in frozen fish greatly shortens the shelf-life of many 
species, especially fatty fish, because of adverse consumer reaction to rancidity 
(Shenouda, 1980 ). Oxidised lipids interact with proteins causing undesirable 
changes in the nutritional and functional properties of the proteins (Takama, 1974; 
Bradley and Min, 1992; St. Angelo, 1996). It has been demonstrated that during 
frozen storage, the products of lipid oxidation render the fish tissue proteins into 
harder, more elastic and insoluble complexes (Takama, 1972; Donnelly and 
Robinson, 1995). In addition, there is a loss of specific amino acids such as 
cysteine, lysine, histidine and methionine, as well as damage to other pigmented 
proteins such as cytochrome C and hemoglobin (Roubal, 1966). An increase in 
fluorescence has been reported which is attributed to the formation of certain 
oxidized lipid-protein complexes; for example, fluorescent compounds have been 
isolated fi*om the oxidation reaction of linoleate and myosin in frozen Coho 
salmon (Braddock, 1973). These compounds were shown to contain phosphorous 
and C=N functional groups.
All foods that contain lipids are susceptible to oxidation, but fish lipids are known 
for their susceptibility to oxidative rancidity, particularly during fiozen storage 
(Shenouda, 1980; Hwang and Regenstein, 1988; Han and Liston, 1988; Santos 
and Regenstein, 1990; Nambudiri and Gopakumar, 1992; Gomez-Basauri and 
Regenstein, 1992; Tejada et al, 1996; Benjakul et al, 1997). They generally 
contain a high proportion of unsaturated fatty acids with four, five and even six 
double bonds. For example, lipids firom Atlantic mackerel contain about 70% 
unsaturated fatty acids of which 30% are poly-unsaturated (Ackman, 1971),
Radicals involved in lipid oxidation are short-lived species and are measured by 
electron spin resonance (ESR) spectroscopy, which is the only method available 
for directly detecting fi-ee radicals in biological systems (Ingram, 1969; Punchard
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and Kelly, 1996). ESR spectroscopy relies on the absorption of microwave energy 
which arises from the promotion of the unpaired electron to a higher energy level.
Free radicals are ubiquitous in foods and can easily be observed in dry foods at 
room temperature using ESR spectroscopy. Schaich et al, (1975) used this 
technique to measure the transfer of methyl hydroxy radicals to proteins and 
amino acids. However, only one ESR study of free-radical transfer in fish lipid - 
protein systems has been reported to date. Roubal (1970) studied freeze-dried fish 
in the presence of various lipids such as docosahexanoic acid (DHA) and an 
antioxidant hydroquinone. In addition, he studied the effect of unsaturated lipids 
on various pure proteins and amino acids. With increasing consumption of fish 
oil, especially from fatty fish, there is a need to study the effect of lipids on food 
proteins and in particular-, fish proteins in the presence and absence of synthetic 
and natural antioxidants. Fish oils are rich in the polyunsaturated DHA and EPA. 
Although these fatty acids are implicated in reducing atherosclerosis and are likely 
to be beneficial in keeping down the cholesterol level of blood, their presence in 
fatty fish such as mackerel during frozen storage can result in oxidation and 
protein damage. Stabilisation of the polyunsaturated fatty acids is therefore 
essential in food preservation. In this chapter the effect of oxidized lipids such as 
methyl linoleate and extracted fish lipids from Atlantic mackerel {Scomber 
scombrus) on individual amino acids, puie proteins and fish proteins in the 
presence and absence of antioxidants are presented.
4.1.Principles of ESR spectroscopy
The basic feature of ESR is its ability to detect and characterise the presence of 
unpaired electrons in a substance. This principle of ESR belongs to fundamental 
physics, and is illustrated in Fig. 4.1. Samuel Goudsmit and George E. Uhlenbeck 
suggested in 1925 that an electron travels in an orbit around a nucleus, and 
consequently has orbital angular momentum (Segal, 1989). Within this orbit, it 
also spins about its own axis, and has spin momentum. It is now well established 
that an electron possesses an intrinsic angular momentum, independent of its
85
Chapter Four
orbital angular momentum. Since an electron is a charged particle, the spin 
angular momentum and the orbital angular momentum each give rise to a 
magnetic momentum. Goudsmit and Uhlenbeck (1925) (Segal, 1989) found it 
necessary to assume that the spin (or intrinsic angular momentum) is quantified 
and that there are only two possible values for the intrinsic magnetic moment of 
an electron.
Z
Nucleus
X
Fig. 4.1. An electron spins about its own axis (intrinsic magnetic moment), as 
well as moving about the nucleus (orbital angular momentum) (Swartz, 1972)
This spinning charge can give rise to a rotating magnetic dipole which acts as a 
very small magnet. Now, if this magnetic dipole is placed in an external magnetic 
field, it will orientate itself to the lowest energy position, parallel to the direction 
of the field. Energy is absorbed to turn the electron from parallel to the antiparallel 
direction, i.e. from the lower to the higher energy level.
ESR is used to make electronic transitions from the lower level (the ground state), 
to the higher level. The energy required to produce one transition from Ei to E2 is
El - E2 -  hv
hv being the quantum of energy of frequency v where h is Planck’s constant (Fig. 
4.2). When the particular states of the unpaired electrons
86
Chapter Four
Energy
M s =  +1/2
M s = -1/2
Fig. 4.2. Splitting of the energy levels of a single unpaired electron 
under the influence of an applied magnetic field H. Resonance 
condition is hv = gPH, v = 2.8 X 10® H c/s for electron, Swartz, 1972
are being considered, they are characterised by the magnitude of the spin 
momentum resolved along this axis of reference (Fig. 4.1). In the case of the 
single unpaired electron, it would be characterised by a spin quantum number Ms 
= +1/2 or Ms = “1/2 , according to the orientation of the angular momentum. In the 
absence of any external applied magnetic or electric fields, unpaired electrons 
would all have a random orientation of their axis and also the same energy.
The ESR experimental techniques therefore involves the application of a strong 
homogeneous external magnetic field across the sample, and a simultaneous 
application of electromagnetic radiation of the correct resonance in the lower 
energy level, exciting them to the upper level and reversing their spins in the 
process. This absorption of energy by the electrons as they jump to the higher 
level can be detected as an actual reduction in the power of the electromagnetic 
radiation passing through the system; this absorption can then be displayed on an 
oscilloscope screen. An absorption spectrum is produced, which is called an 
electron spin resonance (ESR) or an electron paramagnetic resonance (EPR).
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4.1.1. Parameters of an ESR spectra
There are three important parameters to consider when analysing ESR spectra, 
especially in the case of a single absorption line and their actual measurement and 
determination can often provide valuable information of the ESR spectra (Swartz, 
1972).
Intensity of the absorption line can be used as a measure of the concentration of 
the unpaired electrons present in the specimen, as the magnitude of this absorption 
is proportional to the difference in energy-level population between the two 
energy levels.
Line width is an additional parameter defining the absorption condition. The line 
width is determined directly by the energy spread of the levels occupied by the 
unpaired electrons in question. Therefore a measurement of the line width will 
give information on the interactions which the unpaired electron is experiencing 
and the reasons which caused its energy to be spread.
g-Values, The g factor is considered as a quantity characteristic of the molecule in 
which the unpaired electrons are located. The measurement of the g factor for an 
unknown signal can be a valuable aid in the identification of the signal origin.
h v = = g y f i H
The above equation shows that, if the microwave frequency is held constant, the 
only two parameters that can vary are the value of the externally applied magnetic 
field (H) and value of the g factor. Therefore, a measurement of the value of the 
field at which resonance occurs determines the value of the g factor associated 
with the particular unpaired electrons or the atom or molecule in which it is 
residing.
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An electron with no orbital angular momentum has a g-value equal to that of the 
free electron spin (ge =2.0023). A measurement of a g-value very close to the free- 
spin value therefore indicates either a highly delocalised molecular orbital or a 
state in which the electron has no orbital motion associated with it. The principal 
source of the local magnetic fields, which cause g to deviate from the fiee-electron 
is admixture brought about by coupling of the electron spin and orbital angular 
momentum as characterised by the atomic-orbit constant X. If the atomic shell is 
less than half full. A, > 0 and g < ge- If the shell is more than half full. A, < 0 and g > 
g e  (Swartz, 1972).
4.1.2. Application of ESR spectroscopy in biological systems
The first studies on biological material by ESR were carried out by Kneubul 
(1960) and Borg (1964), when they X-irradiated various amino acids and proteins. 
In each case the substance studied was in the form of a solid at room temperature 
and hence the free radicals formed remained trapped in the solid matrix and could 
be studied even after the irradiation had ceased. However, early biological ESR 
studies on fluid systems such as enzymes and their free radical metabolites have 
used one of the following techniques; continuous rapid flow or freeze-quench. The 
latter method will freeze or stabilise many free radicals, while in the former the 
radicals are generated in the spectrometer so as to maintain a steady-state 
concentration. In a flow system the reactants are contained in separate syringes (A 
and B) and they enter the reaction vessel when the plunger is pressed, passing into 
the collecting syringe C.
Scientists who are only interested in studying the formation of radicals can use the 
above systems, however, it is difficult to identify the nature of radicals in question. 
These limitations gave rise to the development of spin-trapping techniques. Spin- 
trapping has been the most successful method for the detection of highly reactive 
free radicals both in vivo and in vitro (Punchard and Kelly, 1996). The technique 
of spin-trapping involves the addition of a primary free radical across the double 
bond of a diamagnetic compound (the spin trap) to form a radical adduct more
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stable than the primary free radical. Most spin-trap reagents used are phenyl-/er/- 
butylnitrone (PEN), a-2,4,6-trimethoxy-PBN ((CH3 0 )3PBN), a-(4-pyridyl-l- 
oxide-A-/er/-butylnitrone (POBN) and 5,5-dimethyl-1-pyrroline TV-oxide
(DMPO).
4.2. Principles of fluorescence
When a molecule absorbs a photon of light, an electron is raised to a higher level 
of energy. The molecule is, therefore, left in an excited state. The electronic 
change yields a band spectrum of absorption which comprises the whole series of 
transitions: electronic, vibrational, and rotational. If the molecule does not 
decompose as a result of the increase in energy and if all the energy is dissipated 
by subsequent collision with other molecules, then after a short period of time, t, 
which is characteristic of the atom or molecule (10’^ -10'  ^ second), the electron 
returns to the lower energy level, emitting a photon in the process. The difference 
between the energy of the initial state (N) and the final state (F) determines the 
energy of the emitted radiation. It is this radiation which we call fluorescence 
(Harris and Bashford, 1987).
Upon withdrawal of the exciting light, the fluorescence intensity of a solution of 
fluorecent molecules decays with a rate characteristic of a first-order process. The 
relationship between the change in fluorescence with time and the original 
fluorescence can be expressed in the same exponential manner as radioactivity:
I = lo'-*'"
Where,
I = fluorescence intensity at time t.
lo = maximum fluorescence intensity during excitation.
t = time after removing the souice of excitation.
T = average lifetime of the excited state.
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Exposure of both amino acids and proteins to oxidised lipids is known to alter the 
amino acid sequence and protein conformation (Karel et al, 1975; Fletcher et al, 
19^; Leake and Karel, 1982; 1985; Delincee and Pushpa, 1981). There are 
several well developed methods for measuring the damage caused by oxygen 
radicals on proteins. One of these methods involves the measurement of 
dityrosine formation and release. Dityrosine can be found in several proteins as a 
product of UV iiTadiation (Lehrer and Fasman 1967), ageing (Davies, 1987) and 
exposure to oxygen free radicals (Davies, 1987 and Giuvili and Davies, 1993). It 
was demonstrated in several studies that dityrosine formation is evolved from 
oxidative modification (Davies, 1987 and Davies, 1987). Dityrosine exhibits 
fluoresence absorption at excitation 320-360 nm and emission of 410-460 nm 
which were the wavelengths used in this study.
4.3. Materials and Methods
Freshly caught Atlantic mackerel {Scomber scombrus) was supplied by the Food 
Science Laboratories, Tony Research Station, Aberdeen. Chloroform and 
methanol were obtained from Fisher Scientific International Company. Methyl 
linoleate, amino acids (arginine, lysine and histidine), proteins (ovalbumin and 
lysozyme), vitamin C (ascorbic acid), vitamin E (a-tocopherol) and calcium 
sulphate (CaS0 4 ) were all obtained from Sigma chemical company. Quinine 
sulphate was obtained from BDH laboratory supplies. Butylated hydroxy toluene 
(BHT) and butylated hydroxy anisole (BHA) were a gift from Jan Deldcer 
International, Wormerveer, the Netherlands.
4.3.1 Extraction of lipid from fish protein
Lipids were extracted according to the Bligh and Dyer (1959) method as 
described in section 3.5.4.
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4.3.2. Preparation of oxidised lipids
Methyl linoleate and fish oil (1ml each) were poured into quartz cuvettes and 
oxidized by bubbling oxygen gas through at 37°C . The level of oxidation was 
monitored by measuring the peroxide value (Jessup, 1994),
\
4.3.3. Purification of myosin from Atlantic mackerel
Myosin extraction from Atlantic mackerel was carried out at 4°C according to 
Martone (1986). Mackerel muscle (Ig) was chopped with 10 ml of solution A ( 
0.1 M KCl, ImM phenylmethylsulphonylfluoride (PMSF), 0.02% NaNg and 20 
mM Tris-HCl buffer pH 7.5). The mixtuie was kept on ice for 15-30 minutes, then 
centrifuged at 1,000 x g for 10 minutes. The pellet was suspended in 5ml of 
solution B (0.45 M KCl, 5mM ^^-mercaptoethanol, 0.2M Mg(CH3COO)2, ImM 
ethylene glycol-bis (y^-aminoethylether) N,N,N-tetraacetic acid (EGTA) and 20 
mM Tris-maleate buffer pH 6 .8 ). ATP was added at a final concentration of 10 
mM and kept on ice for 1 hour, then centrifuged at 10,000 x g for 15 minutes. The 
supernatant was diluted with 25 ml of 1 mM KHCO3 and kept on ice for 15 
minutes, then centrifuged at 12,000 x g for 15 minutes. The pellet was 
resuspended in 5 ml of solution C (0.5 M KCl, 5 mM y^-mercaptoethanol, 20 mM 
Tris-HCl buffer pH 7.5) and kept on ice for 15 minutes and then diluted with 1 
mM KHCO3. 10 mM MgClz was added to the mixture and was left at 4°C 
overnight, then centrifuged at 22,000 x g for 20 minutes. The final pellet 
contained myosin which was diluted with solution C.
4.3.4. Preparation of samples for ESR spectroscopy
A model system consisting of oxidised methyl linoleate (ML) or extracted 
oxidised fish lipid and either amino acids (arginine and lysine), proteins 
(ovalbumin and lysozyme) or fish flesh or fish myosin were emulsified with 
distilled water for 5 minutes in a Sorval Omni mixer, quick-frozen in liquid 
nitrogen and then ffeeze-dried for 24 hours in a Virtis laboratory freeze-drier. The
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ML and amino acids were mixed in a ratio of (1:7) and fish oil and protein were 
mixed in a ratio of (1:5). Control systems of either amino acids, proteins or fish 
myosin and water, in the absence of lipid, were prepared in the same manner. 
After freeze-drying, both experimental and control systems were oxidised in dry
air and then equilibrated at 37°C over CaSO^, to avoid interference from
dielectric energy absorption by water. Sample aliquots (100-200 mg) were 
withdrawn periodically and transferred to quartz tubes (3.5 mm inside-diameter). 
A Jeol spectrometer with 100 KHz modulation was used to conduct the ESR 
analyses and first derivative spectra were recorded every day for the first week and 
once a week subsequently for five weeks. Manganese oxide was used as a 
reference marker to calculate the g value.
4.3.5. Antioxidant treatment of samples
Antioxidants BHT (200 ppm), BHA (200 ppm), vitamin C (500 ppm), vitamin E 
(500 ppm) and a mixture of BHT and vitamin C (200:500 ppm) or vitamin C and 
E (250:250 ppm) were added to samples prior to incubation with oxidised lipid at 
37°C.
4.3.6. Protein cross-linking and polymerisation measurements by 
fluorescence spectroscopy
The extraction and analysis of organic solvent-soluble fluorescent products from 
amino acids, pure proteins and fish proteins, incubated with oxidising ML, were 
extracted and analysed according to Fletcher (19^). The fi*eeze-dried samples of 
either proteins or amino acids (0.2-0.5 g) were homogenised with 20 ml
chloroform-methanol (2:1 v/v) at 45°C for approximately 1 minute. An equal 
volume of water was added, and after thorough vortex mixing, the samples were
centrifuged for 10 min at 1000 rpm (4°C). The chloroform rich layer was pipetted 
into a small screw-capped pyrex tube for subsequent fluorescence measurements.
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Fluorescence spectra were obtained on a Perkin Elmer, model 3000 fluorescence 
spectrophotometer, with emission maximum at 457 nm and excitation at 360 nm. 
The fluorescence intensity of 1 pg/ml quinine sulphate in 0.1 M H2 SO4  solution
was used as a standaid for measuring the relative fluorescence intensities of 
samples.
4.4. R esults and D iscussion
4.4.1 Amino acids
When amino acids were incubated with oxidising lipids, the ESR spectra showed 
sharp central, free-radical signals. Compared to readings taken in the first week of 
incubation, the free-radical signal of all amino acids decreased remarkably after 
one month to almost 90% of it's original size. Figure 4.3a.i shows spectra of 
lysine recorded during the first week of incubation with oxidised ML, while figure 
4.3a.ii shows the spectrum of lysine recorded after one month of incubation. 
Similar results were observed for arginine (Fig. 4.4) and histidine (Fig. 4.5). The g 
values obtained for the amino acids were; lysine (2.0045), arginine (2.0023) and 
histidine (2.0037). Control amino acid samples, in the absence of ML, showed 
very minor radical peaks (Figs. 4.3b; 4.4b; 4.5b).
In additional experiments, where antioxidants were mixed with the amino acids 
prior to incubation with oxidized ML, BHT reduced the intensity of the peak to 
75% of the original signal (Figs.4.3c; 4.4c; 4.5c ) whereas the natural occurring 
antioxidants vitamin E (Fig. 4.3d; 4.5d) and vitamins C (Fig. 4.3e; 4.4e; 4.5e) 
reduced the peak by 75% and 85%, respectively.
4.4.2. Proteins
The ESR signal obtained from proteins incubated with oxidised fish oil showed 
signals similar to these observed for the amino acids. In addition to the sharp 
central signal, there was an extra downfield signal observed on spectra obtained
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from both ovalbumin and fish proteins (Fig. 4.6; 4.7). The intensity of the ESR 
signal increased in the first week (Fig. 4.6a.i; 4.7a.i) and followed a similar pattern 
to that shown by the amino acid-oxidised ML mixtures, indicating a decrease after 
three weeks (Fig. 4.6a.ii; 4.7a.ii). The g value for the central esr signal of the 
proteins were; ovalbumin (2.0048), mackerel myosin (2.0021) and lysozyme 
(2.0049). The g values for the downfield shoulder observed in ovalbumin and 
myosin were: ovalbumin (2.017) and myosin (2.014).
The addition of antioxidants to lysozyme and ovalbumin prior to incubation with 
oxidized ML decreased the level of the intensity by almost 75% of the original in 
the case of BHT and 50% for vitamin C (Fig.4.6cii,dii; 4.8cii,dii,). In the case of 
myosin BHT (Fig. 4.7cii) reduced the radical signal by 50% of the original size, 
while vitamin C (Fig, 4.7dii)and E (Fig. 4.7eii) reduced the peak by 20% and 
50%, respectively. Using both BHT and vitamin C together further reduced the 
signal peak for ovalbumin by 85% (Fig 4.7e.ii) while a mixture of vitamin E and 
C reduced the signal peak by 30% (Fig. 4.6f.ii).
4.4.3. The g  value
The g values obtained for both the amino acids and proteins showed a shift in the 
g value associated with the free radical. This shift is unusual, since the g value 
obtained in fiee radical spectra are always very close to the free-spin value 
because the unpaired electron, which moves in a highly delocalised molecular 
orbital, does not interact with the orbital motion of any one atom.
There are, however, two atoms which have an electronic structure that can 
produce quite a noticeable g value shift, if the unpaired electron interacts 
appreciably with them. These two atoms are oxygen and sulphur. If the unpaired 
electron of the flee radical embraces either of these two in its molecular orbital, 
the g value may shift to as high as 2.05. (Swartz et al, 1955).
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The central singlet signal observed in this study has been assigned to the carbon 
radical with a reported g value of 2.00 ±0.005 (Schaich, 1980). The similarities of 
central singlet g values, line widths and line shapes in the signals observed in the 
amino acids and proteins examined here and elsewhere suggest carbon radicals 
either on the backbone of the a-carbon or on the side chains. The typical triplet 
hyperfme structure of nitrogen central radicals was not observed in this study.
Control protein samples, without ML did not produce a radical peak initially. 
However, when these proteins were incubated at 37°C a gradual development of a 
very weak ESR signal was observed after one week. This may be due to protein 
dénaturation as the signal intensity also increased with proteins incubated at a very 
high temperature of 100°C. Thus it is likely that the presence of oxidised lipids 
confers conformational changes to the proteins, which are similar to those that 
occur in heat denatuiation, due to the transfer of the free radical from the lipid to 
the proteins.
4.6.4. F luorescence m easurem ents
In this study all control samples i.e. amino acids, lysozyme, ovalbumin or fish 
myosin exhibited very low fluorescence throughout the incubation period of three 
months (Fig. 4.9, 4.10). However, incubation of amino acids or proteins with 
oxidizing lipids over five weeks increased fluorescence particularly of the amino 
acids. A reduction in the ESR signal occurred with the onset of fluorescence, 
confirming the formation of more stable protein-lipid or more likely, protein- 
protein cross-links. Individual amino acids can easily cross-link with other amino 
acids, whilst proteins due to their complex structure may require a longer period 
for a change in conformation before cross-linking and fluorescence were observed.
Studies on fluorescence formation on incubation mixtures of the above amino 
acids and peroxidising ML (Fig.4.9a,b,c), showed little fluorescence initially. 
However, after the first week, fluorescence increased sharply in systems where 
antioxidants were not added prior to incubation (Fig.4.9a,b,c). Where antioxidants
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were used, fluorescence formation was delayed although in the case of histidine, 
vitamin C was not as effective as BHT or vitamin E (Fig.4.9c).
The fluorescence produced by lysozyme and oxidised ML in the presence of 
antioxidants (Fig.4.10a) was almost 90% less intense compared to the samples 
incubated without BHT, vitamin E or vitamin C. For ovalbumin, all antioxidants 
inhibited fluorescence development although the effect of vitamin C and BHA on 
the inhibition was not as great as that shown for BHT, vitamin E or mixtures of 
BHT/Vitamin C and vitamins E/C (Fig.4.10b).
Formation of fluorescence in fish proteins was evident in the systems incubated 
with ML or oxidised fish oil (Fig. 4.10c). Most of the antioxidants used either 
individually or in combination significantly inhibited the formation of 
fluorescence (Fig. 4.10c).
4.5. Experim ental evaluation
Prior to the preparation of samples for the study of free radical production using 
ESR spectroscopy, the following precautions were undertaken; (a) samples were 
kept under same conditions; (b) controls were tested alongside the sample, 
normalizing any aifificial peaks produced during freeze drying and (c) oxygen and 
moisture content were kept constant through out the experiment.
There is some scepticism related to using freeze-dried samples for the study of 
biological samples; however, all other techniques used in ESR spectroscopy to 
study biological systems also have disadvantages. Working with lyophilised 
tissues meant an ultimate control over the procedure as the radicals are stable and 
localised. The presence of only a few stable radicals in a solid compound 
compared with a solution facilitated inteipretation. Since the radicals produced 
were highly delocalised, it was easy to identify the atoms on which the radical was 
residing. Freeze-dried samples used in this study were found to be good at 
stabilising and trapping radicals that required examination.
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The radicals produced had a long life, which presented an opportunity to study the 
damage caused by these radicals. The extent of the damage caused by the free 
radical was illustrated by an increase in the fluorescence intensity. There are two 
mechanisms in which free radicals cause damage to proteins; (1) through 
intermolecular migration of radical or (2) through intermolecular migration.
The suggestion that radicals are produced in proteins by intramolecular migration 
was first pointed out by Patten and Gordy (1960), They undertook experiments to 
obtain a direct comparison between the signals from different proteins and 
mixtures of amino acids. Their results indicated that free-radical sites are widely 
distributed among the various amino acid residues on the back bone chain of the 
protein. The down field shoulder observed for ovalbumin and fish myosin (Fig. 
4.6; 4.7), is due to the free sulphydryl groups present in these proteins, as deduced 
from their g value. In both cases, subsequent intramolecular migration was evident 
as the downfield shoulder disappeared with a concomitant rise in the carbon 
radical signal as the incubation time increased.
4.6. C onclusions
The following summarises the conclusions obtained from both ESR spectroscopy 
and fluorescence studies;
• There is strong evidence for free radical transfer from oxidising lipid to amino 
acid/protein.
• For this transfer of radicals to take place, there must be direct contact between 
lipid peroxy or alkoxy radicals and amino acid/protein sites (Fig. 4.10).
• Radical transfer involves the formation of complexes between lipid 
hydroperoxides and the N or S centres of the reactive amino acid or protein.
• Antioxidants interfere with the formation of complexes by forming complexes 
with the lipid hydroperoxides themselves.
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Fig. 4.11. A diagram showing complex formation between hydroperoxides 
and amino acid/protein and the generation of protein cross-linking
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Fig. 4.3. ESR spectra of lysine, (a i) taken after one week of incubation with 
oxidising ML, (a.ii) taken after 3 weeks of incubation with ML. Control lysine, 
incubated without addition of ML (b.i) , lysine mixed with BHT (200 ppm) and 
then incubated with ML (c.i), lysine mixed with vitamin E (500 ppm) and then 
incubated with ML (d.i) and lysine mixed with vitamin C (500 ppm) and then they 
were all incubated with ML (e.i). Power 2 mW, central field 327 mT, sweep width 
15 mT, modulation 0.5 mT and receiver gain 1000. Samples (ML:lysine, 1:7) 
were incubated at 37°C and aliquots of 200 mg were taken for analysis
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Fig. 4.4 ESR spectra o f  arginine. (a.i) spectra recorded after 24 h and (a.ii) after 5 days o f  
incubation with oxidising ML. (b) Control arginine incubated without ML, (c ) arginine 
incubated with ML, (d) arginine m ixed with BHT (200 ppm) and then incubated with ML 
(e) arginine m ixed with vitamin C (500 ppm) and then incubated with ML. Power 2 mT, 
central field 327 mT, sweep width 15 mT, modulation 0.5 mT and receiver gain 1000. 
Samples (ML:arginine, 1 ;7) were incubated at 37°C for 24 h and aliquots o f  200 m g were 
taken for analysis
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Fig. 5.5. ESR spectra of histidine, (a) Histidine incubated with oxidised ML; (b) 
histidine incubated without any lipid; (c) histidine mixed with BHT (200 mg), (d) 
histidine mixed with vitamin E (500 mg) (e) and histidine mixed with vitamin C 
(500 mg) then they were all incubated with oxidised ML. Power 2 mW, central 
field 327, sweep width 15 mT and receiver gain 250. Extra peaks are those of the 
marker used in this study. Sample (ML:histidinel:7) aliquots of 200 mg were 
taken for analysis
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Fig. 4.6. ESR spectra of ovalbumin; (a) ovalbumin incubated with oxidised 
mackerel oil and incubated for 7 days and a further 14 days, (b.i) ovalbumin 
incubated with oxidised mackerel oil and (b.ii) incubated without oil, (c.ii) 
ovalbumin mixed BHT (200 ppm), (d.ii) ovalbumin mixed with vitamin C (500 
ppm), (e.ii) ovalbumin mixed with mixture of BHT and vitamin C (200:500 
ppm), (f.ii) ovalbumin mixed with mixture of vitamin C and E (250:250 ppm) and 
then they were all incubated with mackerel oil. Power 2 mW, central field 327 
mT, sweep width 10 mT, modulation 0.5 mT and receiver gain 200. Sample (fish 
lipid:protein, 1:5) were incubated at 35°C and aliquots of 200 mg were taken for 
analysis
110
Myosin incubated with
a.i
oxidising mackerel oil
400.00 Control myosin incubated 
without mackerel oil
200.00
0.00 —H
340'325
- 200.00
-400.00
-600.00
-800.00
a.ii
After 27 days
400.00
200.00
0.00
335 340
- 200.00
-400.00
-600.00
-800.00
111
200.00
100.00
0.00
315.00
- 100.00
- 200.00
-300.00
340.00
150.00
100.00
50.00
0.00 .— I
350300 310 320 340-50.00
-100.00
-150.00
-200.00
-250.00
150.00
100.00
50.00
0.00 ,— H
.300 310 320 340 350-50.00
-100.00
-150.00
- 200.00
-250.00
112
300.00e
200.00
100.00
0.00---
315.00
- 100.00 roo 340.00
- 200.00
-300.00
Fig. 4.7. ESR spectra of fish myosin, (a i) Myosin incubated with oxidised mackerel 
oil, spectrum on first week and (a.ii) after 27 days of incubation, (b.i) myosin 
incubated with mackerel oil, control myosin incubated without mackerel oil (b.ii), 
(c.i) myosin mixed with BHT and then incubated with oxidised mackerel oil, (d.i) 
myosin mixed with vitamin C and then incubated with mackerel oil and (e.i) myosin 
mixed with vitamin E and then incubated with mackerel oil. Power 5 mW, central 
fîeld 328.5 mT, sweep width 10 mT, modulation 0.5 mT and receiver gain 200
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Fig. 4.8, ESR spectra of lysozyme; (a.i) lysozyme incubated with oxidised ML, 
(a.ii) control lysozyme incubated without ML, (b.ii) lysozyme incubated with 
vitamin c and ML, (c.ii) lysozyme incubated with BHT and ML. Power 10 mW, 
central field 328.5 mT, sweep width 15 mT, modulation 0.5 mT and receiver gain 
200. Sample (fish lipid:lysozyme, 1:5) were incubated at 37°C and aliquots of 200 
mg were taken for analysis
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Fig. 4.9. Fluoresnce Formation of (a) arginine, (b) lysine and (c) histidine 
and their molar fluoresnce intensities relative to quinine sulphate in 0.1 
M H2SO4 solution. Emission wave length 420 nm and excitation wave 
length 360 nm
117
a ?w 40
g 30 
g 25
e 20
J  15 u.« 10
1 5- . 
OS 0 #  
0 1 2 3 4
Lyso+fish oil 
Blank
Lyso+fish oll+BHT 
Lyso+fish oil+vitC 
lyso+fish oil+vit E
Incubation Time (weeks).
80
40
40 1 2 3
Oval+fish oil 
Blank
Oval+fish oil+BHT 
Oval+fish oil+BHA 
Oval+fish oil+vitC 
Oval+fish oil +BHT+vitC 
Oval+fish oil+vitE+vttC 
Oval+fish oil+vitE
Incubation Time (weeks)
118
I
i  40IJ 30 
« 20 
I  1 0 -OC 4M
2
---1
40 1 3
Myosin+fish oil 
blank
Myosin+fish oil+BHT
Myosin+fish oil+vitC
Myosin+fish oil+vitE
•Myosin+fish
oil+BHT+vitC
Incubation Time (weeks). H— Myosin+fish oil+vitE+vitC
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sulphate 0.1 M H2SO4 solution. Emission wave length 420 nm and 
excitation wave length 360 nm.
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OXIDATION AND INHIBITION BY ANTIOXIDANTS
____________________________________________ Chapter Five
5.1. Introduction
Lipoxygenase (EC. 1.13.11.12), also known as lipoxidase, refers to a class of 
dioxygenases that catalyse the oxidation of polyunsaturated fatty acids which 
contain a 1,4-cis-cis-pentadiene system to a pentadienyl radical intermediate (de 
Groot et al., 1975; Sekiya et al., 1977; Hildebrand, 1989). The pentadienyl radical 
was found to react with oxygen to give peroxyl radical isomers and ultimately 
fatty acid hydroperoxides as the final products (Fig.5.1). Lipoxygenases (LOXs) 
are essentially ubiquitous among eukaryotic organisms and have been 
demonstrated to exist in many tissues of numerous higher plants and animals. A 
few studies have been undertaken on soy bean lipoxygenase, especially studies 
that involved low-temperature ESR spectroscopy which showed the interaction of 
the lipoxygenase ferric iron with the substrate (Fig. 5.1).
5.1.1. Physical properties of lipoxygenase
LOX is an enzyme that exhibits complex and often confusing kinetic properties 
including multiple activities, instability, rapid inactivation, substrate inhibition 
and stimulation by various cofactors,. Because of the complex interactions and 
multiple factors influencing its activity, progress in achieving a basic 
enzymological understanding of the enzyme has been difficult and slow. Most of 
what is laiown has come from studies on crude preparations of the enzyme and is 
described below (Pace-Asciak et ah, 1981; German et ah, 1985; German and 
Kinsella, 1985; Kuhn and Schewe, 1986; Kanner et al., 1987; Kuhn et ah, 1987; 
Spector et al., 1988; Wollard et al., 1989) .
• Typical LOXs contain one mol of non-haem iron per mol of enzyme. LOX 
must be in the oxidised or Fe^ "^  form for LOX catalysed oxidation to proceed. 
LOX can be activated or oxidised by its own lipid hydroperoxide product, 
which at high concentrations can also cause the eventual destruction of LOX 
activity. As shown in Fig. 5. 1, LOX-Fe^  ^ usually binds to either C l8:2 or
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Cl 8:3 in the case of soy bean lipoxygenase. The following steps occur in LOX 
peroxidation;
The LOX catalyses the stereospecific removal of hydrogen from the C 
methylene group (step 1). Removal of hydrogen and subsequent re-anangement 
leads to the formation of the C radical as LOX is reduced to the Fe^ "^  form (step 
2).
The LOX-fatty acid radical complex subsequently reacts with O2 forming a 
lipid peroxy radical (step 3); however, under aerobic conditions dimers and 
oxodienoic acids are formed (Hildebrand, 1989). For some LOXs, such as 
soybean, pea and fish LOX tends to occur aerobically and the fatty acid radicals 
are released.
The final step of the primary LOX reactions is the reduction of the fatty acid 
hydroperoxy radical to a hydroperoxide and the oxidation of LOX back to the 
Fe^  ^form and release of the fatty acid product fr om the enzyme (step 4).
LOOH
LH
LO-Fe^ ...LOO
LO-Fe^ "^  LOO
L
LOOH <-■ LOO
Fig. 5.1. Mechanism for lipoxygenase reaction under aerobic conditions 
(Chamulitrat and Mason, 1989)
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5.1.2. Lipoxygenase in fish tissue
The activity and specificity of LOX and its role in the deterioration and 
physiological metabolism of lipids in fish have been employed in previous studies 
as a model to investigate the role of lipid oxidation in vivo and in foods (German 
and Kinsella, 1985; German et al., 1985; German and Kinsella, 1986a; German 
and Kinsella, 1986b; German et ah, 1989; German and Creveling, 1990; Mohri et 
al., 1990). Most studies concentrate on lipoxygenase in the gill and skin of various 
tissues (Hsieh and Kinsella, 1989; German and Kinsella, 1985; Mohri et al., 1990; 
Hseih and Kinsella, 1986; Hseih et al., 1988). The gill system has been used 
extensively to investigate lipoxygenase action in fish because it is thought to be 
relatively free from other oxidising reactions (Hseih and Kinsella, 1986). There 
are few reports on lipoxygenase in fish muscle (Josephson et al., 1984). Wang et 
al. (1991), found that lipoxygenase activity was higher in the light muscle than in 
the skin and dark muscle of lake herring. Studies on gill and skin lipoxygenase 
showed that the enzymes are distributed in different tissues and cells and that 
different lipoxygenases may produce different volatiles from the same fatty acid 
precursors (Mohri etal,, 1990).
The substrate specificity of LOX from partially purified sardine skin was reported 
to be linoleic and a-linolenic fatty acids, whereas that from rainbow trout skin 
appeared to prefer n-3 PUT As compared to the n-6 arachidonic acid. Trout gill 
LOX showed high substrate preferences for eicosapentaenoic acid (EPA), 
docosahexaenoic acid (DHA) and arachidonic acid with only a little reactivity for 
linoleic acid (Hseih et ah, 1988). The presence of an n-9 lipoxygenase in the gill 
tissue of both marine and freshwater fish has been confirmed (Winkler et ah, 
1991). This enzyme appears to have a common stereospecificity to that of 
mammalian lung tissue lipoxygenase in that it will react with fatty acids 
containing double bonds at n-9 and n-\2  positions to produce 12-(S) hydroperoxy 
fatty acid isomers (Fig. 5.2)
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Fig. 5.2. Proposed conversion of Arachidonic acid (20:4m-6) as a 
consequence of lipoxygenase activity in trout gill 
(German and Kinsella, 1986)
5.1.3. C onclusion
There is evidence to suggest that lipoxygenase plays an important role in both the 
onset of lipid oxidation and rancidity as well as contribution towards fresh fish 
aroma (Allen and Hamilton, 1994). To date, there is limited information on 
lipoxygenase extiacted from pelagic fish tissues such as Atlantic mackerel. To 
prolong the shelf life of fatty fish, there is a need to study both enzymatic and non- 
enzymatic aspects of lipid oxidation. Therefore, the presence of lipoxygenase in 
Atlantic mackerel tissues and its action and inhibitory mechanism were studied.
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5.2. M aterials
Fresh Atlantic mackerel was purchased from a local fishmonger. Pure arachidonic 
acid (20:4(n-6)), esculetin, glutathione, ascorbic acid, a-tocopherol, ammonium 
sulphate, tween 20 and 12-hydroxyeicosatetraenoic acid standard were obtained 
from Sigma Chemical Company, Dorset. Sephadex G-50 was purchased from 
Phaimacia Biotech. All reagents used were of analytical grade and methanol was 
HPLC grade.
5.3. M ethods
5.3.1. Purification of lipoxygenase from Atlantic mackerel muscle
The method of Yokoyama et a l, (1986) was followed with modifications. Fish 
muscle (20 g) was chopped into small pieces and homogenised with 5 volumes of 
0.05 M potassium phosphate buffer pH 7.4 containing 5 mM glutathione. The 
homogenate was centrifuged for 10 min at 22,000 x g to spin down debris and 
organelles and the supernatant was centrifuged for 60 minutes at 105,000 x g, after 
which it was adjusted to 45% saturation with solid ammonium sulphate. The 
mixture was stirred on ice for a further 30 minutes after which the insoluble 
protein was sedimented by centrifugation at 12,000 x for 10 min. The 
ammonium sulphate precipitate was suspended in 5 ml of 0.05 M phospate buffer 
pH 7.4 and frozen as 2 ml aliquots in liquid nitrogen.
5.3.2. Further purification of the lipoxygenase
Some of the ammonium phosphate fractions were passed through a phenyl 
Sephadex G-50 column (3.5 x  25 cm) equilibrated with 0.05 M phosphate buffer 
pH 7.4 containing 0.05% triton x 100. Samples were eluted and collected in 3 ml 
fractions. The protein content was determined at 280 nm and the enzyme activity 
was measured immediately for fractions that contained proteins.
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5.3.3. Measuring enzyme activity by HPLC.
Arachidonic acid (3 pi), Tween 20 (3 pi) and 0.05 m phosphate buffer pH 7.4 (1 
ml) were mixed by sonicating for 5 min. The mixture was added to 2 ml of 
lipoxygenase enzyme fraction collected (4 mg/ml). The mixtures were placed in a 
water bath shaker at 37°C and oxygen was bubbled thiough for 5 min. The 
reaction was stopped by adding 3% formic acid. Hydroperoxides were extracted 
with freezing ethyl acetate and the extraction was repeated three times. The 
extracts were pooled together and concentrated by rotary evaporation. The 
concentrated extract was passed through an SPE cartridge and the hydroperoxides 
were eluted with acetone. Acetone extracts were concentrated by evaporation and 
the sample was resuspended in a mixture of methanol : water solution (65%:35%). 
An aliquot (50 pi) of the final extract containing hydroperoxides was injected into 
the HPLC.
5.3.4. HPLC analysis of hydroperoxides
A Waters HPLC model 600A was equiped with an injector model U6K (Waters). 
Reverse -phase HPLC was performed with a KRIOO column (5 pm, 4.6 X 250 
mm, Hichrom). UV absorption was monitored by a Waters variable wavelenghth 
detector model AS 3000. The following solvent systems were used: Methanol: 
water: acetic acid (65: 35: 0.01)
5.3.5. Antioxidant and denaturing treatment of lipoxygenase
Lipoxygenase activity was inhibited by boiling the enzyme at 90°C or by adding 5 
mM esculetin. The production of hydroperoxides was prevented by adding either 
synthetic antioxidant BHT (200 mg/kg of fish muscle), or vitamin E or vitamin C 
(500 mg/kg of fish muscle).
126
Chapter Five
5.3.6. SDS Polyacrylamide gel electrophoresis of LOX purified from 
mackerel muscle
The purity of extracted lipoxygenase was examined by 12.5% SDS-PAGE as 
described in section 2.2.7.
5.4. R esults and discussion
5.4.1. Purification
The stages of lipoxygenase purification from Atlantic mackerel muscle are shown 
in Fig.5.3. and 5.4. The band corresponding to LOX was not visible at the early 
stages of extraction probably due to the dilution of LOX below the threshold limit 
for detection. However, ammonium sulphate addition (45% saturation) the 
concentrated sample was more visible (Fig. 5.3). This might have. The enzyme 
only became visible after the protein was concentrated by ammonium sulphate. 
The LOX band was prominent after elution from sephadex G-50 chromatography 
and according to the SDS-PAGE analysis, the puiifred LOX comprised two 
subunits with moleculai' weight of 119,000 and 120,000 Daltons respectively 
(Fig.5.4). The result obtained from the SDS-PAGE cannot be compared with other 
published results as purified LOX from Atlantic mackerel muscle or any other 
pelagic fish has not been undertaken previously.
5.4.2. Enzyme activity and identification of products from the reaction of 
LOX on arachidonic acid
When the purified LOX was incubated with arachidonic acid (20:4 (n-9)) under 
aerobic conditions at 37°C, the hydroxide derivative of the hydroperoxide formed 
was detected by reverse-phase HPLC. A peak was eluted after 16 min (Fig. 5.6). 
and conesponded to the hydroxyeicosatetraenoic acid (HETE). In contrast, when 
fresh arachidonic acid was tested on the HPLC, the peak corresponding to HETE 
was not observed (Fig. 5.5), suggesting that this peak is probably a product of
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enzymatic action of LOX on arachidonic acid. This was further tested by 
denaturing LOX by boiling the enzyme to 90°C for 20 min. When the boiled LOX 
was reacted with arachidonic acid in similar conditions as above, the HPLC results 
showed no peak at 16 min. (Fig. 5.7). This evidence confirmed that the peak at 16 
min was only formed enzymatically. These results were compared to products 
formed under UV radiation (Fig. 5.12) and there were extra peaks hydroxides 
including the HETE observed in the chromatogram of arachidonic acid oxidised 
under UV radiation. Radiation being a stronger sensitiser and non- specific, 
oxidises all the conjugated double bonds in the molecule resulting in early 
production of different types of hydroxides.
5.4.3. Effect of inhibitors on LOX activity
Esculetin which is known as a potent and selective inhibitor o f most 
lipoxygenases (Fieser, 1930) was used in this study to compare its inhibition with 
other inhibitors tested. Esculetin completely inhibited HETE formation (Fig. 5.8). 
Similar inhibition activity was also observed for BHT (Fig. 5.9), vitamin E (Fig. 
5.10) and vitamin C (Fig. 5.11). However, there is a slight trace of HETE evident 
on the chromatogram of reaction products from lipoxygenase incorporating 
vitamin C, while reactions where BHT and vitamin E were used the inhibition was 
as strong as that of esculetin. This may be attributed to structure differences of the 
compounds. Schewe et al., (1986) found different inhibition behaviour of certain 
synthetic antioxidant on reticulocyte and mice skin LOX. Schewe et ah, 1986 
concluded that differences in inhibition were due to the structure and accessibility 
of antioxidants toward the catalytic site in the lipoxygenase in which an enzyme 
radical complex is formed. Esculetin has a similar structure to phenolic 
antioxidants (Fig. 5.13) and that glycosidation at one of the hydroxy groups of the 
phenolic structure converts esculetin to esculin that is a less potent lipoxygenase 
inhibitor than esculetin (Hseih et al., 1988). This shows that the mechanism by 
which these inhibitors prevent the production of HETE is by free electron 
quenching.
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Fig. 5.13. Structures of (a) esculetin and (b) BHT
5.5. C onclusion
The results in this study suggest the presence of lipoxygenase in Atlantic mackerel 
muscle, which could be a major initiator of lipid oxidation in mackerel. The 
vaiying effect of inhibitory of natural and synthetic antioxidants was also shown 
together with their structure-activity relationship. Thus, a possible promoter of 
lipid oxidation and effective antioxidants were identified; this is an important 
finding which can facilitate the frozen storage of Atlantic mackerel by prolonging 
its shelf life and quality.
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Fig. 5.3. Protein concentration of the fractions collected from Sephadex G-50
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Fig. 5.4. SDS-PAGE (12.5%) of (a) crude lipoxygenase and (b) after elution from 
Sephadex G-50 column. (Lane 1 and 2 represent the sample before NH4SO4 
addition, lane 3 and 4 represents the sample after precipitation with NH4SO4)
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Fig. 5.5. Reverse -phase HPLC analysis o f fresh arachidonic acid
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Fig. 5.6. Reverse -phase HPLC analysis of the reaction products from arachidonic 
acid treated with purified lipoxygenase
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Fig. 5.7. Reverse -phase HPLC analysis of the reaction of products from 
arachidonic acid treated with boiled lipoxygenase
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Fig. 5.8. Reverse -phase HPLC analysis of the reaction of products from 
arachidonic acid treated with purified lipoxygenase and subsequently inhibited by 
5 mM esculetin
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Fig. 5.9. Reverse -phase HPLC analysis of the reaction of products from 
arachidonic acid treated with purified lipoxygenase and subsequently inhibited 
with synthetic antioxidant BHT 200 mg/kg
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Fig. 5.10. Reverse -phase HPLC analysis of the reaction of products from 
arachidonic acid treated with purified lipoxygenase and subsequently inhibited 
with a-tocopherol (vitamin E)
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Fig. 5.11. Reverse -phase HPLC analysis of the reaction of products from 
arachidonic acid treated with purified lipoxygenase and subsequently inhibited 
with ascorbic acid (vitamin C)
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Fig. 5.12. Reverse-phase HPLC analysis of the reaction of products from 
arachidonic acid oxidised under UV radiation for 30 minutes
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STORAGE ON MUSCLE PROTEINS OF 
ATLANTIC MACKEREL
Chapter Six
6.1. Introduction
The myofibrillar proteins such as myosin of many fish species, may be altered due 
to their interaction with different types of lipid or lipid oxidation products during 
frozen storage. This interaction causes considerable changes in some functional 
properties and the texture of fish muscle. In this study lipid oxidation was 
determined by measuring the peroxide value and thiobarbituric acid reactive 
substances (TEARS). Protein dénaturation was determined by measuring protein 
solubility, Ca^’*'- ATPase activity and polyacrylamide gel electrophoresis.
6.1.1. Protein Dénaturation
Protien dénaturation involves alterations of the secondary and tertiary structure of 
proteins due to breakage of bonds that stabilise the native protein conformation. 
The following bonds are the main contributors of protein stability (Lewin, 1974; 
Howell a/., 1995).
---- 1
ICH] I
u j J
Disulphide Hyd r oge n
bondi ng bonding
T r |----------1
I {CH2OH 
1 ICHgOH
H y d r o p h o b i c
i n t e r a c t i o n s
Van  der
W a a l s
i n t e r a c t i o n
%
J  L-J 
c=o
El e c t r o s t a t i c
i n t e r a c t i o n
During dénaturation there are conformational changes in the native molecule 
depending upon the extent of free energy change. A small change in the 
supporting linkages may result in major changes of large fragments of the 
molecule. This is due to the fact that in the a- helix conformation, each amino 
acid is linked by hydrogen bonds to two others separated from it by three segments 
in both directions along the polypeptide chain (Fig 6.1).
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Hydrogen bonding and van der Waals interactions are considered to play an 
important role in protein folding (Mirsky and Pauling, 1936) and for many years 
both these forces were thought to be the dominant force in protein folding. Fig.
6.2. illustrates an early model presented by Mirsky and Pauling, 1936, in which 
protein folding was proposed to be driven by ion-paired hydrogen bonding among 
side chain.
COOHN—^
Unfolded
c o o -
H N  -
Folded
Fig.6.2. Hydrogen bonding stabilisation of protein folding through 
ion-paired proposed by Mirsky and Pauling in 1936
Many years of experimental evidence (Linderstrom-Lang, 1952; Singer, 1962; 
Edelhoch and Osborne, 1976), such as solvent dénaturation studies indicated that 
hydrogen bonding is not the dominant folding force. It was foimd that many 
solvents that unfold proteins and cause dénaturation do not affect hydrogen 
bonding; a good example is the effect on protein stability of alcohols (ethanol and 
propanol) compared to corresponding glycols (ethylene glycol and propylene 
glycol). The glycols are less hydrophobic and have more hydrogen bond sites 
than the corresponding alcohols. This effect of glycols on dénaturation provided 
strong evidence that hydrogen bonding is less important than the hydrophobic 
interaction (Tanford, 1979; Von Hippel and Schleich, 1969).
Upon rejection of hydrogen bonding being the dominant force to stabilise proteins 
(Linderstrom-Lang, 1952), scientists agreed that the force behind protein folding 
was driven by the aversion for water of the nonpolar residues (Linderstrom-Lang, 
1952; Kausmann, 1954), which is also the basis for the formation of micelles
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(Kauzmann, 1954). This was later concluded to be due to the hydrophobic effect. 
Kauzinann, (1954) showed that the formation of every single hydrophobic bond 
upon folding involves the gain of a full hydrogen bond among water molecules; 
this confirmed the importance o f hydrophobic interactions rather than hydrogen 
bonding.
There are many definitions presented for hydrophobic interactions (Hildebrand, 
1968, 1979; Nemethy et a/., 1968; Tanford, 1979; Ha et a/., 1989). However, the 
most applied definition in protein folding is the transfer of nonpolar amino acids 
into an aqueous solutions only when a particular characteristic temperature 
dependence is observed. The thermal unfolding of proteins involves a large 
increase in heat capacity, characteristic of non-polar exposure ( Frank and Evans, 
1945; Christian et âf/.,1982; Dill, 1985; Privalov and Gill, 1988), It has been 
shown that the enthalpy and entropy of folding strongly decreases exponentially 
with temperature and the free energy is curved (Fig. 5.3.).
AGfoid (Kcal/mol)
Temperature
Fig. 6,3. Theoretical predictions for therm al stabilities of protein
(Dill 1989)
Preceding theories present a model for protein folding of proteins known as an 
“Iceberg” model, where water molecules surrounding the protein are like a
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“flickering cluster” (Fig. 6.4.). At room temperature, the water molecules 
surrounding the protein principally populate a low energy and low entropy state, 
where the water molecules are ordered so as to form good water-water hydrogen 
bonds. With increasing temperature, the surrounding water molecules populate a 
high energy and high entropy state, and are less ordered and have weakened 
attractions. Hence, increasing the temperature disturbs this type of water structure 
which causes the unfolded states of proteins to expand and thus, reduces non­
polar solvation. The creation o f water structure causes an increase of pK values of 
carboxylic and ammonium groups of the polypeptide chains, as well as changes in 
the ability of the protein to bind anions and cations and to interact with solutes 
capable of hydrogen donation and hydrogen acceptance. Furthermore, unfolded 
protein, with its functional groups exposed, is highly reactive and can be involved 
in the formation of various new intra- and inter-molecular covalent and non- 
covalent cross-links.
 H
N on -p o la r  residue
Orientation States of Water.
Fig. 6.4. “Iceberg” model for the large heat capacity of transfer of nonpolar 
amino acids into water, (Frank and Evans, 1945; Gill et a/, 1985). At high 
temperatures there are additional orientation states
In this study as indicated earlier in previous chapters, protein dénaturation due to 
a lowering of the temperature is of most interest. It has been shown (Clark and 
Ross-Murphy, 1987; Privalov, 1990) that at low temperatures proteins unfold for 
similar reasons found at high temperatures. Privalov and Gill, (1988), found that
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non-polar amino acids become more soluble in water at low temperature. Hence, 
understanding protein dénaturation at low temperatures follows the same 
strategies as at high temperatures, where the major dominant force is 
hydrophobicity which together with other forces brings about protein dénaturation.
6.1.2. Protein-lipid interaction
The interaction of oxidised lipids with proteins have been discussed in chapter 
four, where it has been demonstrated that the transfer of free radicals from 
oxidised lipids to proteins increased the production of fluorescent products which 
are soluble in organic solvents such as methanol and chloroform. Many other 
model studies showed the susceptibility of proteins to modification by hydroxyl 
radicals (Gardner, 1983). All the modifications found in these studies included 
altered protein molecular weight (aggregation or fragmentaion), altered net 
electrical charge, loss of tryptophan and production of dityrosine. Oxidised lipids 
exert their effect on vulnerable proteins which become more reactive under the 
conditions of food processing and storage.
There is evidence to show that protein hydroperoxides formed are degraded to the 
most stable product, protein hydroxide (Nakhost, et a l,  1995). Protein 
hydroperoxides may be of a major significance in vivo (Stadtman, 1993) as they 
have been shown to react with some important physiological reductants, such as 
ascorbate and glutathione (Simpson et al, 1992). The potential biological 
significance of such a reaction is that they may cause a depletion of cellular 
reductants in vivo and thus exert oxidative stress. Davies et al, (1991) showed by 
using ESR spectroscopy, the formation of protein hydroperoxides and they also 
showed the generation of more reactive free radicals from the initial protein 
hydroperoxides. Thus, protein hydroperoxides are capable of initiating further 
radical reactions, which may induce damage to other biomolecules or contribute to 
the protein oxidation chain reaction (Fu, et al., 1995).
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6.1.3. Conclusion
There is no doubt that freezing foodstuffs at very low temperatures has 
considerable effect on protein dénaturation. There have been many suggestions 
that lipid oxidation contributes to protein dénaturation during processing and 
frozen storage. These suggestions are based on model studies (Tejada, 1996). In 
this study in order to determine the role that lipid oxidation plays in the protein 
dénaturation mechanism of frozen stored Atlantic mackerel, antioxidants were 
used to inhibit lipid oxidation. The results were compared to control samples 
where antioxidants were not added.
6.2. Materials
Atlantic mackerel (Scomber scombrus) was supplied by Torry Research Institute, 
Aberdeen. Phenolic antioxidants were gift from Jan Dekker International 
Wormerveer, the Netherlands, Holland. NaCl, Sodium thiosulphate, Fisk’s 
reagent, starch, inorganic phosphorus, sodium molybdate, CaCLi, triacetic acid, 
1,2,3 -tetraethoxypropane(TEP) and potassium iodide were all purchased from 
Sigma, Dorset, U.K. Chloroform, acetonitrile (HPLC grade), methanol (HPLC 
grade), hydrochloric acid and acetic acid were bought from BDH laboratories, 
U. K. All other reagents used in this chapter were analytical grade.
6.3. Methods.
6.3.1. Sample Preparation
A hundred and twenty fillets of Atlantic mackerel were kept at -30°C upon arrival. 
The matched pairs of fillets were separated within 24 h and stored at two different 
temperatures, -30°C and -20°C respectively. Mince was made from some of the 
fillets and divided in two groups; one group was stored with vitamins C or E (500 
ppm) or synthetic antioxidant BHT (200 ppm), the other group was kept as control 
and stored without vitamins and antioxidants. Tests were made within a week of
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arrival and results obtained were noted for time zero. Subsequent tests were 
undertaken every three months for up to 2 years to examine the biochemical 
changes taking place during frozen storage.
6.3.2. Peroxide value
Air was expelled from a conical flask using nitrogen gas. Fish oil (Ig) was 
weighed into the flask, followed by 10 ml of chloroform and 15 ml of acetic acid. 
Potassium (1 ml) was later added, the flask was closed and swirled to mix the 
solution and placed in a dark cupboard. Water (35 ml) was added after 15 minutes 
and 1 ml of starch solution in water (1%), was used as indicator. The mixture was 
titrated with diluted 0.0025 M sodium thiosulphate solution. A control flask 
without the fish oil was run alongside the sample. The peroxide value was 
calculated as follows:
1000 X (a - b) X t
_____________  = Peroxide value
w
a = ml of sodium thiosulphate solution used in sample, 
b = ml of sodium thiosulphate solution used in blank, 
t = concentration of sodium thiosulphate solution, 
w = amount of sample used.
6.3.3. Thiobarbituric acid reactive substances (TEARS)
A standard curve was prepared from tetraethoxypropane (TEP) solution to give 
dilutions containing the equivalent of 0, 0.2, 0.4, 0.6, 0.8, 1.0 jag/ml 
malonaldehyde. Fish samples (Ig) were homogenised with 5 ml of distilled water. 
The standard samples and fish samples were treated with 100 pL of BHT, 500 pL 
HCl and 500 pL of thiobarbituric acid. The mixture was vortexed thoroughly and 
then placed in a water bath at 80°C for 30 minutes. The mixture was allowed to 
cool for 20 minutes, then 2 ml butanol was added and vortexed well to extract the
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pink chromogen into the butanol. The butanol extract was collected for the 
determination of malonaldehyde by HPLC.
A butanol extract of fish sample or standard (500 pi) was dried out using nitrogen 
at 37°C. The residue was resuspended with 1 ml of 50% water and 50% 
acetonitrile. An aliquot (100 pL) was injected onto the HPLC ( Spectra System 
AS3000, from Spectra-Physics, Hemel Hemsptead, U.K.) for analysis. A Kromasil 
KRIOO 5C18 column, Hichrom LTD, reading, Berks, U.K.) was used and the 
sample was eluted with an isocratic solvent 50% triethanolamine (0.1%) in 
acetonitrile and 50% water.
6.3.4. Protein extractability
Myofibrillar proteins were homogenised with 0.6 M NaCl, pH 7.4 at 4°C. The 
homogenate was kept on ice for 20 minutes, and later centrifuged at 20,000 x g. 
The protein concentration in the supernatants was determined by the Bradford 
Commassie method (Bradford, 1976).
6.3.5. The myosin adenosine triphosphatase (ATPase) activity
The myosin Ca^^ATPase activity was determined according to Kawashima et al, 
(1973). The assay of myosin Ca^^ATPase is carried out by estimating 
colorimetrically, the inorganic phosphate liberated by the enzyme from ATP in the 
presence of Ca^ "*" under specific conditions.
ATP + H2O ADP +  H3PO4
Different dilutions (0, 4, 12, 16, 18 and 20 pg/ml) of standard phosphorus were 
prepared from 20 pg/ml stock phosphorus solution. An incubation medium (0.06 
M KCl; 0.025M Tris-maleate buffer pH 7.0; 0.005 M C aC y  was added to 1 ml of 
the standard solutions followed with 200 pL water. Myosin samples (0.2 - 0.5
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mg/ml) were mixed with 0.00IM  ATP dissolved in the incubation medium (1.8 
ml) and water (700 pL). All standard and myosin samples were incubated at 37°C 
for 10 minutes. The reaction was stopped with 10% TCA.
The Ca^^ATPase activity assay was performed by mixing 1 ml o f each standard 
concentration or protein sample, 1 ml of molybdate II solution (2,5% ammonium 
molybdate in 3 M sulphuric acid), 2.8 ml distilled water and 200 pL Fisks’ 
reagent. The mixture was vortexed well and left to stand for 30 minutes and the 
absorption was read at 700 nm. The concentration of the phosphorus standard was 
plotted against absorbance, and the amount of phosphorus released from myosin 
was calculated from the plotted graph.
6.3.6. SDS Polyacrylamide gel electrophoresis of myofibrillar proteins
The extracted myofibrillar proteins were loaded onto a 12.5% SDS-PAGE gel 
according to Hames (1983). The proceduie is described in section 2.2.10
6.3.7. Extraction and purification of myosin
Extraction of myosin from Atlantic mackerel was carried out by the Martone 
method (1986). Details of the extraction is shown in section 4.5.3
6.3.8. Amino acid determination
Amino acid analysis were performed on the extracted myofibrillar proteins 
following the procedure described in section 2.2.9.
6.3.9. Hydroperoxide determination by HPLC
Fish oil was extracted from Atlantic mackerel by the Bligh and Dyer (1957) 
method (section 3,5.4. Transestérification was performed on the extracted fish oil 
by Schmarr et al, (1996) (section 2.2.7). Purification, collection and analysis of
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hydroxides, the stable product of hydroperoxides, were undertaken by the same 
method as described in sections 3.5.6; 3.5.7.
6.4. Results and discussion
6.4.1. Peroxide value
The peroxide value results are presented in Fig. 6.5. Prior to the commencement 
of the main storage trial, a mini storage trial was undertaken to predict the possible 
outcome of the large storage trial. This also gave an idea of the concentration of 
antioxidants that would be effective in controlling lipid oxidation. A sharp 
subsequent increase in the peroxide value was observed in mackerel stored at - 
10°C (Fig. 6.5), the peroxide value reached a maximum value after 4 weeks of 
storage and then started to decline rapidly.
In the main trial, the peroxide value from mackerel stored at -20°C showed the 
same pattern (Fig. 6.6.), and increased sharply up to 9 months after which the 
value fell dramatically. In contrast the values of peroxides were very low at 
-30°C. There were significant differences between samples that were stored with 
anitoxidants and samples stored without antioxidants (P< 0.01). BHT (200 ppm) 
and BHT + vitamin C (200:250 ppm) were found to be the most effective in 
controlling the oxidation of mackerel mince stored at -20°C (Fig. 6.7.). Vitamin C 
(500 ppm), vitamin E (500 ppm) or a combination of both also reduced oxidation; 
however, these antioxidants were found to be less effective than BHT and BHT + 
vitamin C.
Peroxide value measurements are not reliable in assessing oxidation of highly 
unsaturated oils, such as fish oils. This is probably because the peroxides initially 
formed are unstable and react quickly to form secondary oxidation products. For 
this reason the peroxide value should be used in conjunction with other methods. 
Peroxide value was used in this study only as preliminary step.
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6.4.2. Thiobarbituric acid (TEA) test
The TEARS test was also used to monitor the level of oxidation for up to 2 years. 
There was an increase in the TEARS value in mince stored without antioxidants. 
There were also differences observed between the levels of TEARS from mince 
stored at -30°C compared to that stored at -20°C (P<0.05). Similar to the results 
observed for peroxide values, most antioxidants reduced the TEARS values and 
were effective in controlling oxidation. There was a significant difference between 
samples stored with antioxidants and samples stored without antioxidants; BHT 
and BHT + vitamin C being the most effective.
6.4.3. Protein extractability
Freezing reduces the solubility of proteins, especially the myofibrillar proteins 
which are generally extracted with 0.6 M NaCl. There are many reasons presented 
for this decrease of solubilty in the introduction of this chapter, but a good 
example is the increased exposure of hydrophobic regions and formation of 
aggregates.
Antioxidants were found to increase the solubility of proteins, there was a 
significant difference (P< 0.01) between control samples (where antioxidants were 
not incorporated) to those samples where antioxidants were added prior to storage. 
Hence, as antioxidants were used in this study to control lipid oxidation, it is 
suggested that lipid oxidation may be one o f the factors contributing to the loss of 
protein solubility, thus dénaturation of proteins during frozen storage.
6.4.4. ATPase activity
The two globular heads in myosin are responsible for ATPase activity (Hultin, 
1985). A decrease in ATPase activity is an indication of dénaturation of the 
myosin head region. Results from Ca^ "^  ATPase activity of myosin extracted from 
mackerel stored at -30°C and -20°C are shovm in Fig. 6.12. There was a high
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significant difference (P< 0.01) observed from mince stored with antioxidants 
(Fig. 6.13.) and those stored without the addition of antioxidants. Many model 
systems showed similar findings that lipid oxidation products have a strong effect 
on ATPase activity (Nambudiri and Gopakumar, 1992). Once again a clear 
conclusion is achieved which indicates the attribution of lipid oxidation in protein 
denatui'ation.
6.4.5. Electrophoresis
Electrophoretic studies (Plate 6.1) indicated that intact, almost native myofibrillar 
proteins were extracted from fresh Atlantic mackerel. There was considerable 
decrease in the intensity of myosin heavy chain in samples from mackerel mince 
stored at -10°C for 4 weeks (Plate 6.2). In contrast, the myosin band was still 
prominent for fillets stored at-20°C and -30°C for a similar period. As storage 
time increased at both -20°C and -30°C, the myosin band was still strongly visible 
after 3 months (Plate 6.3) and similarly mince stored with antioxidants at -20°C 
showed prominent bands of myosin (Plate 6.4).
After 9 months of storage at -20°C, the myosin band began to disappear in 
samples stored without antioxidants. Using antioxidants prevented an early loss of 
myosin, indicating the protection of myosin from aggregation in frozen storage 
(Plate 6.5). After 12 months of storage, there was a complete loss of the myosin 
band on the SDS-PAGE gel (Plate 6.6)
A decrease in the proportion of myosin in the salt extract from frozen fish has 
been detected by other authors (Dingle and Hines, 1975). It was suggested that 
there was a substantial increase in the formation of high molecular weight bands 
due to crosslinking of proteins forming polymers which did not enter the gel 
(Matthews et al., 1980). The actin band remained unchanged during the storage 
period, but there was a slight decrease in the intensity of the band after months of 
frozen storage (Plate 6.6), indicating that actin was denatured after myosin during 
long periods frozen storage.
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6.4.6. Amino acid profile
The amino acid profile of myofibrillar proteins extracted from Atlantic mackerel 
stored for 3 months at -20°C and -30°C are presented in Table 6.1. The results 
show that amino acids in both temperatures compared to samples from fresh 
mackerel. The loss of amino acids increased progressively with frozen storage, 
Table 6.2. shows the amino acid profile of mackerel stored for 6 months. The 
most affected amino acids include histidine which was reduced to approximately 
60%, and isoleucine and tyrosine. After one year of frozen storage further 
reduction of all amino acids was observed (Table 6.3). Storage at -20°C had a 
greater effect on amino acids compared to -30°C (Table 6.1;6.2;6.3). After 2 years 
of storage, the loss of amino acids at both temperatures were considerable, this 
correlates with results shown in Table 6.3. where a complete dénaturation of 
myofibrillar proteins was observed.
Antioxidants reduced the loss of amino acids compared to the control samples 
(Table 6.4). As shown previously that antioxidants protect proteins against 
dénaturation; thus there are more soluble proteins and a higher amount of amino 
acids were detected. Even after two years of storage the amount of amino acids 
analysed were substantially higher in samples extracted fr om mackerel stored with 
antioxidants (Table 6.5). Overall, it was observed that histidine, proline, 
isoleucine and methionine were the first to be reduced. This coincides with results 
found by other researchers who carried out model studies of the effect of oxidised 
lipids on amino acids; they showed histidine and proline to be the main targets for 
free radicals generated by lipid oxidation.
6.4.7. Hydroperoxide analysis
The development of hydroxides the most stable product of hydroperoxides were 
analysed in fish oil extracted from Atlantic mackerel stored at both -30°C and 
-20°C for up to 2 years. After 6 months spectra obtained from samples stored at 
both temperatures showed a peak corresponding to 13-HOD A (Fig. 6.14). At -
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20°C the peak was bigger than that observed at -30°C. After one year of storage 
the concentration of 13-HODA was further increased indicated by the height of 
the 13-HODA peak (Fig. 6.15). The HPLC chromatogram of mackerel oil stored 
for 2 year s showed complex mixtures of hydroxides and at this stage the height of 
the pealc 13-HODA decreased in size, suggesting that 13-HODA degraded into 
secondary products and increased the TEARS values (Fig. 6.9).
Antioxidants inhibited the production of hydoperoxides in mackerel stored for 6 
months at -20°C (Fig. 6.16a). The spectra of mackerel samples stored without 
antioxidants showed prominent peaks of hydroxides (stable product of 
hydroperoxides). In contrast, spectra of mackerel samples stored with BHT (Fig. 
6.16b), vitamin C (Fig. 6,16c) and vitamin E (Fig. 6.16d) showed a negligible 
amount of 13-HODA.
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Fig. 6.6, Peroxide value obtained from mackerel stored at -20°C and 
-30°C for 12 months
150
2500 T
2  2000
1500 -
^ 1000
500
0 2 4 6 8 10 12
Storage Time (months)
- ♦ - B H T
—H—BHT + vite
- A - Vite
-A-VrtE
-*-Vite+E
—• —eontrol (no vitamin)
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antioxidants at -20°C for 12 months
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Fig. 6.8. Thiobarbituric acid test results obtained from mackerel stored at 
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Fig. 6.9. Thiobarbituric acid test results obtained from mackerel stored with 
and without antioxidants at -20°C for 24 months
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Fig. 6.10. Protein extractability results of mackerel stored at -30°C and -20°C 
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Fig. 6.13. ATPase activity of myosin extracted from mackerel stored with and 
without antioxidants at -20°C for 12 months
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Plate 6 .1. SDS-Polyacryiamide gel electrophoretic separation o f  myofibrillar 
proteins extracted from fresh Atlantic mackerel prior to frozen storage at -30°C 
and -20°C 
lane
1,8 = Standards
2-5 = Wash stages
6 = Extraction o f myosin
7 = Pure mackerel myosin
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Plate 6.2. SDS-Polyacrylamide gel electrophoretic separation o f  m yofibrillar 
proteins extracted from Atlantic mackerel stored for 4 weeks
Lane
1,2 = -20°C
3,4 = -10°C
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Plate 6.3. SDS-Polyacrylamide gel electrophoretic separation o f  m yofibrillar 
proteins extracted from Atlantic mackerel stored at -20°C and -30°C for 3 months
Lane
I = Standard
2 ,5  = Mackerel samples stored at -20°C
6 ,9  = Mackerel samples stored at -30°C
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Plate 6. 4. SDS-Polyacrylamide gel electrophoretic separation o f  m yofibrillar 
proteins extracted from mackerel stored with and without antioxidants for 3 
months at -20°C 
Lane
1- M ackerel muscle m inced with a combination o f vitamin C and E prior to 
storage
2- Control sample o f mackerel mince stored without addition o f  vitamin C and E
3- Mackerel muscle m inced with BHT prior to storage
4- Standard
5- Control sample o f m ackerel mince stored without addition o f  BHT
6- Mackerel muscle m inced with vitam in C prior to storage
7- Control sample o f mackerel mince stored without addition o f  vitamin C
8- Control sample o f  mackerel mince stored without addition o f  vitamin E
9- Mackerel muscle m inced with vitamin E prior to storage
10- Mackerel muscle m inced with a combination o f BHT and vitamin C prior to 
storage
1 1 -Control sample o f  mackerel mince stored without addition o f  BHT and 
vitamin C
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Plate 6. 5. SDS-Polyacrylamide gel electrophoretic separation o f  myofibrillar 
proteins extracted from fish stored with and without antioxidants for 9 months at 
-20°C
Lane
1- Mackerel muscle m inced with BHT prior to storage
2- Control sample o f  mackerel mince stored without the addition o f  BHT
3- M ackerel muscle m inced with vitam in C prior to storage
4- Control sample o f mackerel mince stored without the addition o f  vitamin C
5- Mackerel muscle m inced with a combination o f BHT and vitamin C prior to 
storage
6- Mackerel muscle m inced with a com bination o f  BHT and vitamin C prior to 
storage
7- Control sample o f  mackerel mince stored without the addition o f  BHT and 
vitamin C
8- Mackerel muscle m inced with vitamin E prior to storage
9- Control sample o f  mackerel mince stored without the addition o f  vitamin E
10- Mackerel muscle m inced with a com bination o f vitamin C and E prior to 
storage
11- Control sample o f  mackerel mince stored without the addition o f vitamin C 
and E
12- Standard
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Plate 6.6. SDS-Polyacryiamide gel electrophoretic separation o f m yofibrillar 
proteins extracted from fish stored with and without antioxidants for 12 months at 
-20°C 
Lane
1- Std
2- Control sample o f  mackerel m ince stored without the addition o f  BHT
3- Mackerel muscle m inced with BHT prior to storage
4- Control sample o f  mackerel m ince stored without the addition o f  vitamin C
5- mackerel muscle m inced with vitamin C prior to storage
6- Control sample o f  mackerel mince stored without the addition o f  BHT and 
vitamin C
7- mackerel muscle m inced with a com bination o f BHT and vitamin C prior to 
storage
8- mackerel muscle m inced with vitamin E prior to storage
9- Control sample o f  mackerel mince stored without the addition o f  vitamin E
10- mackerel muscle minced with a combination o f vitamin C and E prior to 
storage
11- Control sample o f mackerel mince stored without the addition o f vitamin C and
E
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Amino acid Fresh -30°C -20''C
Aspartic acid 13.00 11.60 11.40
Glutamic acid 18.60 16.50 15.30
Serine 4.70 4.20 3.90
Glycine 6.70 5.80 5.65
Histidine 4.35 5.90 4.30
Arginine 6.64 6.95 5.00
Threonine 3.50 3.15 2.75
Alanine 4.80 3.95 3.80
Proline 2.30 2.40 2.30
tyrosine 3.40 3.10 2.60
Valine 5.50 3.37 2.60
Methionine 2.85 2.80 2.38
Isoleucine 6.30 5.75 5.61
Leucine 7.00 6.85 6.70
Phenylalnine 4.80 4.15 3.52
Lysine 5.85 5.20 5.15
Table 6.1. Amino acid profile of Atlantic mackerel stored at both -30°C and 
for 3 months. Freshly caught mackerel was used as a control. All readings 
are a mean of readings from two samples. The CV % for this method is 1% 
(section 2.3, table 2.6).
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Amino acid Fresh -30°C 1 -20 '^C
Aspaitic acid 13.2 12.80 11.20
Glutamic acid 12.2 19.00 15.5
Serine 4.86 4.25 4.25
Glycine 6.35 5.66 3.17
Histidine 2.90 2.52 1.58
Arginine 5.56 4.29 4.28
Threonine 3.68 2.63 2.37
Alanine 4.25 3.65 3.44
Proline 2.37 2.20 1.67
tyrosine 3.45 1.85 L72
Valine 5.06 3.17 2.18
Methionine 3.06 2.78 2.14
Isoleucine 6.42 3.28 2.65
Leucine 7.39 6.20 3.85
Phenylalnine 3.99 3.91 3.22
Lysine 6.00 5.05 4.55
Table 6.2. Amino acid profile of Atlantic mackerel stored at both -30°C and 
-20°C for 6 months. Freshly caught mackerel was used as a control. All readings 
are a mean of readings from two samples.
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Amino acid "30°C (lyear) -20''C
(lyear)
-30°C
(2year)
-20° (2year)
Aspartic acid 11.16 8.18 7.62 3.84
Glutamic acid 14.52 9.61 9.24 4.31
Serine 3.30 2.31 2.06 0.99
Glycine 3.80 3.05 2.62 2.37
Histidine 2.15 0.99 0.83 —
Arginine 4.01 3.55 3.12 1.45
Threonine 2.48 2.36 2.34 1.95
Alanine 3.40 2.53 2.18 1.19
Proline 1.93 1.27 1.16 1.08
tyrosine 1.92 1.21 1.06 0.37
Valine 3.05 1.24 2.37 0.54
Metliionine 2.40 1.16 1.35 0.81
Isoleucine 2.58 1.77 1.61 0.55
Leucine 5.91 3.30 5.05 1.56
Phenylalnine 3.85 1.76 3.53 1.19
Lysine 4.63 2.12 3.09 1.03
Table 6.3. Amino acid profile of Atlantic mackerel (mg/g protein) stored for one 
year and two years. All readings are a mean of readings from two samples.
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Amino acid Vitamin E BHT Vitamin C Control (no vitamin)
Aspartic acid 11.38 13.0 12.00 9.64
Glutamic acid 16.42 17.48 18.39 14.70
Serine 4.02 4.84 4.57 4.62
Glycine 5.86 5.53 5.69 3.15
Histidine 2.74 2.95 2.05 1.11
Arginine 4.63 4.74 4.14 4.36
Threonine 3.63 3.49 2.76 2.39
Alanine 4.00 4.13 3.27 3.49
Proline 2.63 2.81 2.45 1.13
tyrosine 3.33 3.44 2.67 1.22
Valine 3.00 3.71 3.16 2.38
Methionine 2.03 2.91 2.12 2.10
Isoleucine 3.67 3.70 3.67 2.43
Leucine 6.00 6.57 5.78 3.20
Phenylalnine 3.03 3.74 3.39 3.67
Lysine 5.33 5.69 5.11 4.40
Table 6.4. Amino acid profile of Atlantic mackerel stored with antioxidants prior 
to freezing at -20°C for 6 months. All readings are a mean of readings from two 
samples.
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Amino acid Vitamin E BHT Vitamin C Control (no 
vitamin)
Aspartic acid 5.28 4.6 2.96 2.78
Glutamic acid 9.08 7.32 4.90 4.39
Serine 2.38 1.91 1.20 1.13
Glycine 2.84 3.10 2.93 1.83
Histidine 1.88 1.50 0.90 0.75
Arginine 2.81 3.01 2.87 1.57
Threonine 2.27 2.98 2.62 1.20
Alanine 2.49 3.18 2.02 1.79
Proline 0.98 1.36 0.95 1.58
tyrosine 1.36 1.89 0.79 0.33
Valine 2.98 2.81 2.23 1.02
Methionine 2.19 2.44 0.70 0.53
Isoleucine 3.58 1.63 1.08 0.83
Leucine 5.30 5.73 5.50 2.09
Phenylalnine 3.65 3.54 3.01 0.80
Lysine 4.25 4.45 3.50 1.68
Table 6.5, Amino acid profile of Atlantic mackerel stored with antioxidants prior 
to storage at -20°C for 2 years. All readings are a a mean of readings from two 
samples.
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Fig. 6.14. HPLC chromatogram of fish oil extracted from Atlantic mackerel 
stored for 6 months at (a) -30°C and (b) -20°C
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Fig. 6. 15. HPLC chromatogram of fish oil extracted from Atlantic mackerel 
stored for 1 year at (a) -30®C and (b) -20°C
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Fig. 6. 16. HPLC chromatogram of fish oil extracted from Atlantic mackerel 
stored for 6 months at -20°C; (a) mackerel stored without antioxidants, (b) 
mackerel stored with BHT (200 ppm), (c) mackerel stored with vitamin C 
(500 ppm) and (d) mackerel stored with vitamin E (500 ppm)
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Chapter Seven
7.1. Introduction
The gelation of myofibrillar proteins is perhaps the most important functional 
property that occurs in fish muscle. The thermally induced gelation mechanism 
involves unfolding, aggregation and the formation of a gel network. Protein 
dénaturation promotes new interactions, such as protein-protein or protein-solvent 
interactions which result in the formation of a three dimensional network capable 
of attracting solvent molecules to form a gel. The mechanical properties of gels, 
for example rigidity, are determined by the gel matrix and aggregation. Assuming 
gelation is due to intermolecular interactions that act along the entire molecule, a 
rapid unfolding followed by a slow aggregation process would favour a fine 
stranded gel stmcture (Ferry, 1948). Coarse gel matrixes are produced by rapid 
aggregation. Flory, (1974) presented a classification of different types of gel 
resulting from protein aggregation, these structures are influenced by many 
factors, especially the native conformation of the protein and the environmental 
conditions to which they are exposed e.g. pH and salt. Proteins like myosin can 
form random aggregates or a string of beads structure upon gelling depending on 
environmental conditions (Doi, 1993), (Fig. 7.1).
The gelation properties of fish muscle may be manipulated to provide a wide 
range of products; a good example is surimi which originated from Japan and is 
becoming available increasingly in Europe in the form of firozen blocks (Lanier, 
1986)). Surimi is a wet, frozen concentrate of myofibrillar proteins of fish muscle. 
The most useful characteristic of surimi is its ability to form highly elastic gels 
when mixed with salt and other ingredients. This characteristic of surimi is widely 
influenced by conditions that the fish muscle is exposed to. In extreme conditions 
such as freezing, most of the proteins are denatured and form cross-links with 
proteins or other components. Thus it is difficult to interact the denatured protein 
with other product by incorporating ingredients such as salt, starch, polyphosphate 
or proteins fi-om other sources.
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7.1.1. Principle of Oscillatory Rheometry
Rheoiogy is the study of flow and deformation of material (Barnes et al., 1989; 
Ferguson and Kemblowski, 1991; Blair, 1969). If an oscillatory stress is applied to 
a sample, usually in a sinusoidal fashion, the resultant strain can be measured 
(Fig. 7.1.). For a Hookean solid the stress and strain waves would be in-phase 
(Ô=ü). In contrast, for a purely viscous liquid the stress would be exactly 90° out- 
of-phase with strain (5=90°). For viscoelastic gels the behaviour lies somewhere 
in between. The ratio of shear stress to shear strain can be written as the sum of 
two components, one in-phase with the strain and the other 90° out-of-phase.
Strain
Stress
Elastic solid; Stress and strain in phas
Viscoelastic: Strain lags stress < 90
Fig. 7.1. Stress/strain signals from an oscillatory rheometer
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G
G” = loss modulus 
G’ = storage modulus 
G = complex modulus
G
tanô = G’7G’
Fig. 7.2. The relationship between G , G% and G
Air bearing 
spindle
S m n p le -------------  ^  ^
Peltier plate
Geometry
7.3. Schem atic diagram of a rheometer
Generally, in viscoelasticity measurements, temperature sweeps are used to probe 
changes in the sample structure as a function of temperature. Initially at about 
s20°C for dilute solutions, G’ is less than G” suggesting that the material is 
predominantly viscous. As temperature increases the protein unfolds, structure 
begins to form and G’ exceeds G” . The GVG” cross over point is taken to be the 
gelation temperature (Fig. 7.2). Aggregation processes continue as the 
temperature is increased, more structure forms in the sample and G’ continues to 
rise. On cooling there is a further increase in G’ due to the hydrophobic
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interactions. A schematic diagram of a oscillatory rheometer is presented in Fig. 
7.3.
7.1.2. Structural changes determination by differential scanning calorimetry 
(DSC)
Differential scanning calorimetry is a particularly important technique for 
studying the unfolding and dénaturation of proteins in foods because of its 
inherent utilisation of heat. Information like the temperature and the rate of the 
dénaturation of proteins during cooking, freezing, drying and mixing, can be 
obtained by following the resultant changes in the thermal behaviour of the 
protein. When a protein undergoes a change in a state because of processing or 
cooking, there is an absorption or liberation of heat. In the DSC technique, a 
sample and an inert reference are maintained at the same temperature whilst the 
temperature of both is gradually raised, usually at a programmed linear rate. Any 
thermally induced changes occurring in the sample are then recorded as a 
differential heat flow displayed normally as a peak on a thermogram. Integration 
of this heat flow with respect to time or temperature yields a value for the 
enthalpy change associated with the process.
A t)'pical DSC thermogram is shown if Fig. 7.4, the important parameter shown 
is the temperature at which a transition occurs, which is termed the dénaturation 
temperature (Tm).
Tempe racure
Fig. 7.4. A typical DSC thermogram showing a possible baseline construction 
and following parameters: (a) peak maximum temperatures, (b) extrapolated 
onset temperature, and (c) heat capacity. Adopted from Wright, 1984
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7.2. Materials
Atlantic mackerel {Scomber scombrus) fillets were supplied by Food Science 
Laboratories, Torry Research Station, Aberdeen. Ammonium sulphate, sodium 
chloride and tris buffer were purchased from Sigma, Dorset, U.K.
7.3. Methods
7.3.1. Sample preparation
Fish samples stored at -20®C and -30°C and thawed thoroughly for 4 hours were 
tested by rheoiogy and DSC. The preparation of all homogenates were adjusted to 
the following conditions: pH 6.4,20 mM tris-phosphate buffer and 10 mM NaCl.
7.3.2. Preparation of myosin
Myosin was prepared from the muscle of Atlantic mackerel according to Martone 
et al,, (1986), as described previously in section 4.5.3. The extracted myosin was 
then precipitated by ammonium sulphate and resuspended in 20 mM tris- 
phosphate buffer containing 0.5 M NaCl. The suspension was dialysed against 20 
mM tris-phosphate buffer containing 10 mM NaCl. Myosin was adjusted to a 
concentration of 10 mg/ml and was measured by DSC.
7.3.3. Determination of protein concentration
Protein concentrations were measured by Kjeldahl procedure described in section 
2.2.2. The myosin concentration in myosin was measured by the Bradford method 
described in section 2.2.6.
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7.3.4. Dynamic viscoelasticity measurements
Fish sample was homogenised to a paste using a Sorvall Omni mix and was 
placed on the 40 mm parallel plate geometry. A 2 mm gap requiring a sample 
volume of 0.34 ml was used. The following programme was undertaken; 
temperature sweep. Temperature sweeps were recorded in the temperature 
interval 20-90°C for the heating cycle and 90-20°C for the cooling stage at a 
heating rate of 2°C/minute and oscillation frequency of 1 rad/second.
7.3.5. DSC measurement
DSC studies were performed in a Setaram Micro DSC VII differential scanning 
calorimeter connected to Hewlett-Packard 7046 B recorder. Water condensation 
around the DSC cell chamber was avoided using nitrogen gas (N2). The system 
was calibrated using Setaram calibration software with indium and distilled water 
for calibrating the heat flow and two temperature points. All samples were 
scanned at l°C/min over the range 10-110°C. The reference ampoule was filled 
with distilled water. Fish samples (0.616 g wet weight) were accurately weighed 
and placed in the DSC ampoule cell. Total dénaturation enthalpy (AH) and the 
transition temperature (Tm) were estimated by integrating the area under the DSC 
transtion curve. Two scans were run for each sample, and the baseline corrected.
7.4. Results and discussion
The results obtained in chapter six showed that during frozen storage there were 
deterioration in myofibrillar proteins. The myofibrillar proteins were difficult to 
extract in high salt concentration (section 6.4.4), ATPase activity was found to 
decrease (section 6.4.4) and high molecular weight complexes were formed 
(section 6.4.5). These results indicate that structural changes took place during 
frozen storage due to covalent cross-link formation between protein molecules. 
The formation of aggregates were found to increase with storage period. In this
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chapter the results obtained by small deformation rheoiogy and DSC further 
confirmed the conformational deterioration or texture changes during storage.
7.4.1. Rheological behaviour of mackerel muscle proteins
The dynamic viscoelasticity measurements were carried out on the same mackerel 
fillet muscle examined in chapter six to check the extent of structural changes that 
took place during frozen storage. Results of the viscoelasticity measurements of 
mackerel muscle homogenate are shown for a pair of fillets stored for 6 months at 
-30°C (Fig. 7.5), -20°C (Fig. 7.6) and another pair fillets stored for 1 year at -30°C 
( Fig. 7.7), -20°C (Fig. 7.8). The same pair of fillets were also tested after 2 years 
of frozen storage at -30®C (Fig, 7.9) and -20°C (Fig. 7.10).
The rheological behaviour followed the same pattern for all mackerel muscle 
homogenates. Information was gathered from two temperature ranges; the first 
development of gel elasticity of myosin (30-45®C) was attributed to the tail 
portions of myosin and second development (above 45 °C) was mainly due to the 
head portion of myosin (Santo et a l, 1988; Santo et al, 1989a),
In most cases the storage modulus (G') was found to be greater than the loss 
modulus (G” ), indicating that the homogenate or paste had a gel-like structure 
prior to heating (Fig. 7.6-7.10). Both storage and loss modulus values before the 
rise in temperature were high in all groups but were the highest in fillets stored in 
-20°C relative to fillets stored in -30°C . This increase in G’ and G” modulus are 
due to restricted movements of the molecule as they assemble as a result of the 
polar bondings among the tail portions with the head portions sticking out from 
the filament (Zeigler and Acton, 1984). This restriction made the myosin 
molecules resistant against deformation and flow (Fig 7,6-7.10).
Upon heating from 20°C to 90°C, there was a decrease in storage modulus with a 
rise in temperature up to 45°C after which the G’ increased considerably. As the 
temperature rose up to 45®C, the polar bonding among the tail portions became
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unstable (Sano et aL, 1990) and as a result the mobility of the molecule increased. 
This increase in mobility of the molecule led to decrease in G’ and G’’ modulus 
which was observed in all groups. At temperatures above 45°C both G’ and G” 
modulus started to increase due to the interactions among the head portions. The 
head portion of the molecule sticks out from the filament and exits at the surfaces 
of the filament, it might be possible that the interactions among the head portions 
were responsible for the increase in G’ and G” modulus. Another possible reason 
for this increase in G’ and G” modulus could be due to the liberation of myosin 
molecule from the filament as the structure of the filament begins to expand on 
heating. Therefore, interactions among the head and the tail portions as well as 
interactions among the tail portions might have also occuiTed.
Subsequent cooling from 80°C to 20°C resulted in a more marked increase in 
both the storage and loss modulus due to hydrophobic interactions, (Table 7.1) 
for the G’so, G” 8o (which corresponds to heating temperature, 20°C to 80‘’C) and 
G'20, G” 2o (which corresponds to cooling temperature, 80®C to 20°C) data 
obtained in different storage period at different temperatures.
7.4,2. The effect of storage temperature and time on the rheological behaviour
The storage modulus G’ was higher in mackerel stored -20°C than -30°C 
(Table?. 1), this would suggest that proteins from mackerel stored at -20°C form 
greater cross-links than those proteins in mackerel stored at -30°C. This 
emphasises that dénaturation process is greater at -20°C than at -30°C, a result 
that correlates with the ATPase activity loss and decrease in protein solubility 
shown in chapter five. The storage and loss modulus increased with period of 
storage at both -20®C and -30°C. Furthermore, the muscle homogenates from 
mackerel stored at -20°C. were observed to possess a higher storage modulus 
than the loss modulus. This would be expected as more aggiegates were formed at 
-20°C.
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7.4.3. The effect of lipid oxidation on the rheological behaviour
The viscoelasticity measurement obtained for mackerel fillets stored with and 
without vitamin E were different (Fig. 7.10, 7.11). This suggests that the 
development of lipid oxidation during frozen storage contributes to the alteration 
of protein structure by promoting protein-protein interaction and thus formation of 
aggregates. Vitamin E inhibited the formation of lipid oxidation products 
therefore slowed down the formation the aggregates.
7.4.4. Thermal stability of mackerel muscle proteins
The following discussion is based on the first peak observed in all thermograms, 
this peak was confirmed and identified to be the myosin molecule (Fig. 7.17). The 
viscoelasticity measurement showed that conformational changes occurred at 
temperatures between 30®C to 45^C as well as 45°C to 60°C. The DSC 
thermogram of myosin resulted in similar thermogram as shown for muscle 
homogenate, a broad endothermie region at 34°C to 45®C. This suggests that the 
myosin in mackerel myofibrillar proteins makes a great contribution to the first 
increase in the storage modulus. The rescanning of heated DSC samples 
suggested that the thermal dénaturation of myofibrillar protein was irreversible. 
Compared to thermograms of myosin at high salt concentration (Wright and 
Wilding, 1984), myosin extracted in low salt concentration exhibits one transition. 
On low ionic strength there is a decrease in myosin solubility and formation of 
filaments. A structural change upon filament formation may also explain the 
elimination of the lower DSC transitions (Zeigler and Acton 1984).
The DSC thermogram also showed another broad endothermie region at 47*^ C to 
55®C (Fig. 7.12), which corresponds to another dénaturation transition for myosin 
as it unfolds or dénaturation of sarcoplasmic proteins. The differences in DSC 
thermogram of muscles of mackerel stored at different temperatures were 
observed in the heat enthalpy changes of the samples (Table 7.2). The heat
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enthalpy changed from one mackerel sample to another depending on the extent 
of dénaturation due to temperature and duration of storage.
7.4.5. The effect of storage temperature and time on DSC measurement
Similarly to myosin extracted in low ionic strength, the thermograms of mackerel 
muscle homogenates stored at -20®C and -30^0 showed only one identifiable 
transition. Thus, frozen storage at low temperatures resulted in the formation of 
filaments like structure which became more prominent with an increase in the 
period of storage and with a decrease in the storage temperature (Figures. 7.11- 
16). Mackerel fillets stored at -20°C and -30°C for 6 months (Fig. 7.11; 7.12), 1 
year (Fig. 7.13; 7.14) and 2 years (Fig. 7.15; 7.16) showed considerable 
difference. In the DSC results differences in Tm between -20®C and -30°C was 
also observed, there was a reduction of Tm from 39.32 to 33.76°C in fillets stored 
at -20®C. This suggests that during frozen storage there was an alteration of the 
native structure of myosin due to many reasons discussed in section 1.6.3; 
formation of crystals, dehydration, and an increase in salt concentration. These 
changes disturbs the balance between electrostatic forces which maintain the 
native structure of the protein. With the forces already disturbed, less thermal 
energy is required for dénaturation and Tm conesponding becomes lower.
7.4.6. Lipid oxidation on thermal stability of mackerel
The contribution of lipid oxidation to structural changes in Atlantic mackerel 
mince, were undertaken in mince stored at -10°C for 5 months with or without 
vitamin E (a-tocopherol). There were apparent differences between the 
thermograms of mackerel stored with vitamin E (Fig. 7.17) and mackerel mince 
stored without vitamin E (Fig. 7.18). The results showed that addition of vitamin 
E provided a protection against extreme stiuctural deterioration observed during 
frozen storage. The enthalpy (AH) of myosin in mince samples stored without 
vitamin E (AH = 0.1603 J/g) was lower than that of myosin from mince samples 
stored with vitamin E (AH = 0.1905 J/g), (Table 7.2). The transition temperature
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(Tm) was also affected by the addition of vitamin E. Tm was higher in mackerel 
mince samples stored with vitamin E (35.88°C) compared to mackerel mince 
samples stored without vitamin E (34.55°C). Both actin and sarcoplasmic proteins 
showed similar behaviour to that observed for myosin, full details are presented in 
table 7.2. The AH and Tm of actin and sarcoplasmic proteins from mince 
samples stored with vitamin E were higher relative to mince samples stored 
without vitamin E.
7,5. Conclusion
In conclusion, the above results shows that lipid oxidation contributes to a 
considerable part in structural changes in Atlantic mackerel during frozen storage. 
The results also indicated that addition of lipid oxidation prior to freezing could 
prevent the damages that are caused by lipid oxidation mechanism.
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Atlantic mackerel 
muscle samples store<
G'so
at G'w (T'so (Pascal) G"%)
-30°C (6 months) 2085 1.100X10^ 1065 4368
-20°C (6 months) 2850 2.101X10'* 1084 4969
-30°C (1 yr) 2571 6.420 X 10^ 1063 1.36X10'*
-20''C (lyr) 4089 8.368 X 10'* 1084 1.92 X 10'*
-30''C(2yrs) 5571 1.794 X 10^ 1.084X10'* 4.09X lO'*
(2yrs) 6289 2.000 X 10^ 1.614X10'* 4.99X 10'*
Table 7.1. Storage and the loss modulus values obtained at G’go, C ” so
C^ 20, G” 20
and
Atlantic mackerel Myosin Actin Sarcoplasmic proteins
samples T m C O AH (J/g)
-30°C (6 months) 40 0.5393 70 0.3782 47.5 0.0437
-20°C (6 months) 39 0.4036 69.51 0.3467 49 0.0412
-30''C (lyr) 41 0.2641 70 0.3141 49 0.0410
-20''C (ly r) 39 0.2262 71 0.2831 49 0.0397
(2 yrs) 39.22 0.3962 69.08 0.2742 49 0.0346
-20''C(2yrs 33.76 0.2134 69.21 0.2250 48 0.0336
-10°C(vitE) 35.88 0.1905 68.21 0.2150 48.41 0.0760
-10°C(novitE) 34.55 0. 1603 67.95 0.1358 48.41 0.0460
Table 7.2. Tm and AH changes obtained from different mackerel samples 
stored at different temperatures and different period of storage
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Fig. 7.5. A temperature sweep from 20-90°C and 90-20 °C of homogenised 
Atlantic mackerel fillet stored at -20°C for 6 months (pH 6.45)
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Fig. 7.6. A temperature sweep from 20-90°C and 90-20°C of homogenised 
Atlantic mackerel fillet stored at -30°C for 6 months (pH 6.45)
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Fig. 7.7. A temperature sweep from 20-90°C and 90-20°C of homogenised 
Atlantic mackerel fillet stored at -20°C for 1 year (pH 6.45)
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Fig. 7.8. A temperature sweep from 20-90°C and 90-20°C of homogenised 
Atlantic mackerel fillet stored at -30°C for 1 year (pH 6.45)
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Fig. 7.9. A temperature sweep from 20-90°C and 90-20°C of homogenised 
Atlantic mackerel fillet stored at -20°C for 2 years (pH 6.45)
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Fig. 7.10. A temperature sweep from 20-90°C and 90-20®C of homogenised 
Atlantic mackerel fillet stored at -30°C for 2 years (pH 6.45)
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Fig. 7.11. A temperature sweep from 20-90°C and 90-20°C of homogenised 
Atlantic mackerel fillet stored at -10°C for 5 months without incorporation of 
vitamin E (pH 6.45)
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Fig. 7.12. A temperature sweep from 20-90°C and 90-20°C of homogenised 
Atlantic mackerel fillet stored at -10°C for 5 months with incorporation of 
vitamin E (500 ppm) (pH 6.45)
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Fig. 7.13. DSC thermogram of homogenised Atlantic mackerel fillet stored at 
-20°C for 6 months
Temperature\ ®C
Fig. 7.14. DSC thermogram of homogenised Atlantic mackerel fillet stored at 
-30°C for 6 months
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Fig. 7.15. DSC thermogram of homogenised Atlantic mackerel fillet 
stored at -20°C for 1 year
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Fig. 7.16. DSC thermogram of homogenised Atlantic mackerel fillet 
stored at -30°C for 1 year
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Fig. 7.17. DSC thermogram of homogenised Atlantic mackerel fillet stored at 
-20°C for 2 years
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Fig. 7.18. DSC thermogram of homogenised Atlantic mackerel fillet stored at 
>30°C for 2 years
189
2  0.1
Temperature/ ®C
Fig. 7.19. DSC thermogram of homogenised Atlantic mackerel fillet stored at 
-10°C for 5 months without vitamin E
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Fig. 7.20. DSC thermogram of homogenised Atlantic mackerel fillet stored at 
-10°C for 5 months with vitamin E (500 ppm)
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Fig. 7.21. DSC thermogram of pure myosin extracted from Atlantic mackerel
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GENERAL DISCUSSION
Chapter Eight
8.1. Fish quality and consumption
Fish oil is unique among other oils from different sources due to the type and 
presence of essential polyunsaturated fatty acids (PUFA). The PUFA found in 
vegetable oil like sunflower and corn oil, that are used widely in cooldng, 
comprise the omega-6 PUFA, while fish oils are characterised by the presence of 
omega-3 PUFA. Both types of PUFA are essential for health and neither family 
can be converted to the other (Rice, 1995). Eicosanoids are a complex family of 
potent bioactive agents consisting of protanoids, leukotrienes and hydro-fatty 
acids. They are synthesised from (omega-6) polyunsaturated arachidonic acid. 
Omega-3 polyunsaturated EPA compete with (omega-6) arachidonic acid and 
generate less bioactive agents such as eicosanoids (Vas Dias, 1995; Rice, 1995). 
The awareness of the omega-3 PUFA presence in fish oil and their benefit to 
health came about after long nutritional studies on Eskimos (Dyerberg, 1979). 
Further studies revealed that PUFA had a remarkable effect on levels of 
triacylglycerols in blood (Vas Dias, 1995), impact on blood clotting (Morris, et 
al.  ^1993) and reducing effect on blood pressure (Moms, et al., 1993).
Although scientific evidence has reinforced the increased consumption of fish, 
and people are aware of the benefits, education on handling and cooking fatty fish 
is still necessary. Fatty fish consumption in the world is low, despite the health 
benefits of consuming fish oil. The problem associated with eating or 
manufacturing fish meals from fatty fish are a high price, product transportation 
and rapid deterioration of lipids and proteins in stored fatty fish. In 1994 the 
numbers of Atlantic mackerel caught in the U.K. was 156469 tonnes (Moore, 
1995); however, only 10428 tonnes were consumed, the rest were used for other 
non-human purposes, such as animal feed. Thus manufacturers are constantly 
searching for ways of promoting public awareness of fish consumption and also 
ways of minimising waste. The main concern is to overcome storage problems 
and enhance fish quality.
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The high nutritional value of fatty fish was borne out by the results obtained for 
Atlantic mackerel {Scomber scombrus) in the present study on the 
physicochemical property and chemical composition. The lipid content and 
protein content were high at 3.5% and 20% of total body weight, respectively. The 
moisture content was 70% of total body weight and it was found to be inversely 
propoitional to the lipid content. These results concur with other studies 
(Aclonan, 1994, Love, 1988). Mackerel was also found to be rich in PUFA 
25.5%. Omega-3 PUFA constitute 20% of the PUFA. In this study the amino acid 
profile showed a high content of lysine, leucine, isoleucine, glutamic acid, 
histidine and valine which are essential amino acids. Other studies on Atlantic 
mackerel have also shown that mackerel is a good source for essential elements 
such as copper, iodine and selenium (Oehlenschlager, 1997).
Thus, the addition that of mackerel or other fatty fish to our diet will increase the 
intake of omega-3 PUFA, proteins rich in essential amino acids as well as 
essential elements and vitamins. However, because mackerel contains a 
considerable amount of PUFA, it is prone to rancidity in frozen storage and a 
detailed study of this problem was therefore undertaken.
8.2. Lipid oxidation in fish
Lipid oxidation is the main cause of fatty fish deterioration. The mechanisms of 
lipid oxidation and methods of detection were explained in chapter one. In this 
study both non-enzymatic and enzymatic lipid oxidation were considered (Fig. 
8,1). Free radical production was studied in model systems to optimise the 
conditions needed. This was achieved by using HPLC chromatography to follow 
the production of hydroperoxides and their breakdown products as well as ESR 
spectroscopy to examine the transfer of free radicals to proteins and amino acids 
and subsequent measurement of cross-linking by fluorescence spectroscopy. Other 
parameters used included the measurement of peroxide value and TEARS.
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Fig. 8.1. Flow diagram of lipid oxidation product formation from the 
oxidation of PUFA (blue circles), methods of detection (red boxes) and ways 
of prevention (yellow boxes) PG refer to prostaglandins
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8.3. Free radical transfer from oxidised lipid to amino acids and proteins
Oxidised lipids are reported to interact with proteins causing undesirable changes 
in the nutritional and functional properties including a loss of amino acids, cross- 
linking and damage to proteins and DNA. Most studies examine final lipid 
oxidation products such as malondialdehyde and peroxides using traditional 
methods. This study reports the application of ESR spectroscopy to directly 
detect short-lived radicals produced in the initial stages of lipid oxidation and 
their subsequent transfer to amino acids and proteins which causes protein 
dénaturation.
Proteins including egg lysozyme, egg ovalbumin, fish myosin and amino acids 
arginine, lysine and histidine were exposed to oxidised lipids namely methyl 
linoleate and oil extracted from Atlantic mackerel {Scomber scombrus). A strong 
central singlet signal was induced in the proteins and amino acids which was 
detected by ESR spectroscopy and assigned to the carbon radical. With the amino 
acids, ovalbumin and fish myosin downfields shoulders were also obsei'ved which 
were due to the radical residing on sulphydryl groups. The above changes in the 
proteins were accompanied by an increase in fluorescence indicating the 
formation of cross-linlcs between the individual amino acids as well as 
confonnational changes in the proteins. Synthetic antioxidants such as 
butylhydroxytoluene (BHT) and butylhydroxyanisole (BHA) as well as natural 
antioxidants ascorbic acid and a-tocopherol inhibited the development of both the 
free radical peak and fluorescence when added to the proteins prior to incubation 
with oxidised lipids. This study clearly indicates direct free radical transfer from 
oxidised lipids to amino acids and proteins which may result in protein 
dénaturation and the formation of insoluble aggregates in fish flesh on storage.
8.4, Specific and sensitive methods for monitoring hydroperoxide formation
The formation of hydroperoxides and their corresponding alcohol derivatives 
from the oxidation of linoleic acid methyl ester and fish oil were studied by
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reverse phase HPLC, GC-MS and NMR spectroscopy. The oxidation products 
identified were mixtures of four isomeric alcohol derivatives; 13-hydroxy-9-trans, 
11-cisoctadecadienoic (13-HODA), 13-hydroxy-9-trans,l 1-transoctadecadienoic, 
9-hydroxy-lO-trans, 12-cisoctadecadienoic, 13-hydroxy-9-trans, 11-transocta deca 
-dienoic acid. The identification of hydroperoxides and their alcohol derivatives 
obtained from frozen mackerel was undertaken using a standard mixture of 13, 9 
and 5-hydroxyoctadecadienoic acid. Hydroperoxide products of oxidised methyl 
linoleate and fish oil, observed by HPLC, were also analysed by ^^ C NMR and 
gave rise to a hydroxy carbon peak at 87 ppm. Further confiimation using GS­
MS, showed three peaks corresponding to isomeric mixtures of trimethylsilyl 
ethers of the oxidised linoleic acid methyl ester. The mass spectra scans of the 
three peaks showed that they represent isomers of molecular weight 382 and are 
consistent with the molecular formula C22H4 2 0 3 Si.
Thus, using these techniques, a storage trial on Atlantic mackerel at -20°C and 
-30°C for one year was undertaken and the subsequent development of 
hydroperoxides was followed. In addition the prevention of lipid oxidation with 
natural antioxidant a-tocopherol was assessed. Before discussing these results the 
enzymic pathway of lipid oxidation which is also important and hitherto 
understudied will be discussed.
8.5. Lipoxygenase initiation of lipid oxidation in Atlantic mackerel
Lipoxygenase was found to be present in mackerel muscle and was partially 
purified using Sephadex G-50 column. The molecular weight of the partial 
purified lipoxygenase was 119,000 daltons estimated from the SDS-PAGE using 
molecular weight markers (Fig. 5.4), The lipoxygenase appeared as two protein 
bands suggesting the enzyme exist as two isofonns. The fractions collected from 
the Sephadex G-50 column was measured for protein content and for enzyme 
activity. The enzyme activity was measured by reacting the fractions with 
arachidonic acid and analysing the production of hydoxyeicasotetraenoic acid 
(HETE) using reverse phase HPLC. A peak corresponding to the HETE was 
eluted at approximately 16 minutes of running time. This peak was absent from
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samples of fresh arachidonic analysed and also from the reaction of arachidonic 
acid and the boiled lipoxygenase.
Esculetin is a known inhibitor of lipoxygenase and was shown to inhibit the 
production of HETE from the reaction of lipoxygenase and arachidonic acid. 
Synthetic antioxidant BHT and natural occuiTing antioxidants vitamin C and E 
were tested for inhibitory action on the lipoxygenase. The HETE peak was 
reduced considerably size in the presence of antioxidants; BHT was found to be 
the most effective in inhibiting the lipoxygenase as deduced from the negligible 
size of HETE compared to vitamin C and E. It is a possibile that BHT with a 
similar structure to esculetin inhibits lipoxygenase in the same way as esculetin. 
The presence of lipoxygenase in Atlantic mackerel muscle indicates the 
possibility that lipid oxidation mechanism is initiated enzymatically in frozen 
stored fillets of mackerel as it has been shown that these enzymes are active at 
temperatures as low as -70°C (Sikorski, 1976). From this study it was shown that 
lipoxygenase can be inhibited by antioxidants BHT, vitamin C and E, which are 
used widely in food industiy.
8,6. The effect of lipid oxidation and frozen storage on protein functionality
The effect of prolonged frozen storage on both the proteins and the lipids in 
Atlantic mackerel were studied using the peroxide value test, TEARS and reverse 
phase HPLC to determine primary and secondary lipid oxidation products in 
mackerel samples stored for 3, 6, 12 and 24 months at -20°C and -30°C. All tests 
showed an increase in lipid oxidation products with storage time. Furthennore, 
the lipid oxidation products were found to be higher in samples stored at -20^0 
compared with samples stored at -30°C. Antioxidants had a significant effect (P< 
0.01) on the inhibition of lipid oxidation as shown by the reduction of peroxide 
values, hydroxide peaks on the HPLC chromatogram and malonadehyde 
formation.
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Deterioration of protein functionality and structure were tested in frozen mackerel 
stored for 3, 6, 12 and 24 months. ATPase activity in the myosin extract of 
Atlantic mackerel showed a significant decrease (P< 0.01) with progressive frozen 
storage at -20‘^ C and ~30°C. The protein solubility in high salt concentration (0.6 
M NaCl) decreased to a significant level (P<0.01) during storage at both -20®C 
and -30®C, but was higher at -20°C. Antioxidants BHT, vitamin C and vitamin B 
protected the proteins against complete loss of functionality as they maintained 
ATPase activity and protein solubility to a significant level (P<0.01) up to a year 
at -20®C compared to those samples stored without antioxidants.
Amino acid loss was observed in the salt soluble fraction extracted from mackerel 
frozen at -20°C and -30°C. The loss was higher at -20°C. Most of the amino acids 
were affected; however, proline, histidine and lysine were lost faster relative to 
the rest. The addition of antioxidants reduced the amount of amino acid loss 
suggesting that the lipid oxidation products may be responsible for the amino acid 
loss by binding with them and making them insoluble. These amino acids were 
probably retained in the denatured protein aggregates as this has been observed in 
lean fish studies (Badii and Howell, 1997). After two years there were very few of 
amino acids remained in the salt soluble fraction which correlated with the 
decrease in solubility and the absence of myofibrillar protein bands on the SDS- 
PAGE gel. SDS-PAGE gel indicated that after three months of storage, 
myofibrillar protein bands were present in the salt soluble extracts whereas after 6 
months the formation of high molecular weight components led to precipitation 
and disappearance of the myofibrillar bands. The myosin heavy chain band was 
completely absent in samples tested after 1 year of frozen storage at -20°C and - 
30°C due to the fonnation aggregates which could not be solubilised and 
therefore did not penetrate the gel. In the presence of antioxidants the myosin 
band was visible on the SDS-PAGE gel even after one year of frozen storage. 
However, after two years of storage most of the myofibrillar proteins were not 
seen on the SDS-PAGE gel.
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There has been considerable research on frozen stored fish muscle aggregates 
(Haard, 1992; Hultin, 1992; Mackie, 1993; and Sikorski and Kolakowska, 1994). 
Most of these studies showed that the aggregates are insoluble in reagents such as 
8 M urea, 2% SDS and 2% SDS + 5% ME solutions. Further studies on these 
aggregates suggested that the bonding in the aggregates could be covalent 
products (Shenouda, 1980). In this study the possible involvement of lipid 
oxidation products in protein deterioration during frozen storage are presented as 
evidenced by the protection provided by antioxidants.
8.7. The effect lipid oxidation on protein conformation and structure
Viscoelasticity behaviour and thermal stability were examined in Atlantic 
mackerel samples stored at -20°C and -30°C for periods of 6 months, 1 year and 2 
years. There were clear differences obsei'ved between samples stored at -20°C and 
-30°C. In addition there were differences between samples stored for 6 months, 1 
year and 2 years regardless of storage at -20°C or -30°C. Samples stored at -20°C 
compared to samples stored at -30°C, showed a higher G’go and G” go (Table 7.1), 
indicating the presence of filaments like structure before heating commences. As 
the time of storage progressed mackerel samples showed structural deterioration 
which was extensive after two years.
The thermal stability of fillets stored at -20°C showed different behaviour to 
matching fillets that stored at -30°C. There was a shift in transition temperature 
(Tm) and a change in heat enthalpy (AH) (Table 7.2). The AH was lower in 
samples stored at -20°C compared with samples that were stored at -30°C. 
Furthermore, AH decreased with storage time. The Tm sliifted to lower 
temperatures in samples stored at -20°C and samples that were stored for a longer 
period of time. This shift in Tm and reduction in AH suggests that the proteins 
under examination had already undergone dénaturation and the formation of 
aggregates has been initiated.
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Contribution of lipid oxidation was also examined and the results obtained 
confirmed that lipid oxidation products play an important part in protein structural 
changes and deterioration in pelagic fish like Atlantic mackerel Mackerel mince 
fillets were stored either with vitamin E or without E and were kept at the same 
temperature (-10°C). The G’go and G” go were higher in samples stored without 
vitamin E in contrast to samples stored with vitamin E (Table 7.1). Samples 
stored without vitamin E were less thermally stable; they had lower Tm and AH 
values (Table 7.2). Thus, the results suggest that the samples stored without 
vitamin E had undergone more structural changes and led to aggregation and 
toughness compared with samples stored with vitamin E. Vitamin E and other 
antioxidants may be used to prevent lipid oxidation and protein damage during 
frozen storage and thereby prolong the shelf-life of fatty foods.
8.8. The effect of lipid oxidation on frozen fish proteins
The damage caused by ice crystal formation on the protein native structure 
results in unfolding of proteins which are also liberated from their natural 
location and become susceptible to further reactions. However, in addition to 
proteins, other components are also disrupted by freezing. The main concern of 
freezing fatty species like mackerel is the fast rate deterioration of their lipids 
due to oxidation. Upon killing the fish, all its biological components are 
disturbed and many enzymes and free metals are released from their enclosed 
enviromnent (Shenouda, 1980). As shown in this study lipid oxidation can be 
enzymatic or nonenzymatic and the presence of released enzymes may accelerate 
oxidation. During frozen storage propagation of lipid oxidation mechanisms were 
found to be active and were shown by the increase in peroxide value and TEARS 
(section 6.4.1, 6.4.2). Furthermore frozen storage does not inactivate enzymes 
such as lipoxygenase which were found to be active at temperatures as low as at - 
70°C (Sikorski, 1976).
However, to date there has been no substantial evidence to confirm that lipid 
oxidation contributes to protein damage observed during freezing. Recently there
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have been number of model clinical studies (Nakhost and Karel, 1983; Davies, 
1987; Simpson et al., 1992; Gebicki and Gebicki, 1993; Neuzil, et al., 1993; 
Gieseg, et al., 1993; Stadtman, 1993; Fu, et al., 1995) which showed the 
formation of hydroperoxides on proteins and amino acids which could initiate 
various reaction with other proteins or lipids to form aggregates. There were 
successful attempts to identify and characterise the formation of protein 
hydroperoxides, which were found to be reactive and initiate and propagate the 
lipid oxidation chain reaction themselves (Davies,1987; Neuzil, et ah, 1993; Fu, 
et al., 1995). The present study confirmed the production of aggregates and 
protein-crosslinlcing which pin pointed the actual transfer of the free radicals 
from the oxidised lipid to the proteins including fish proteins. Figure 8.2, 
illustrates the reaction mechanisms that are involved in protein dénaturation in 
fatty species like Atlantic mackerel {Scomber scombrus).
8.9. M ain conclusions
® Fatty fish such as mackerel is good source of protein, essential amino acids, 
fatty acids and minerals 
@ Consumption of mackerel will increase the intake of omega-3 PUFA in the 
diet
© Due to the presence of PUFA, Atlantic mackerel is prone to both enzymatic 
and non-enzymatic lipid oxidation 
© Using both synthetic and naturally occurring antioxidants inhibits both 
enzymatic and non-enzymatic lipid oxidation in frozen Atlantic mackerel 
© Production of 13 or 9-hydroxyoctadcadienoic acid could be used to monitor 
the level of lipid oxidation in frozen fatty fish 
© Frozen storage led to the formation of aggregates, toughness and loss of 
functionality in mackerel 
® Lipid oxidation contributes to the changes that take place during frozen 
storage in both structure and function
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8.10. Further work
® To identify the constituents of the aggregates that formed during frozen 
storage
© To examine the types of interaction involved in the formation of 
aggregates
® Clarification of the effect of lipid-protein interaction products on health
© To establish methods to detect the presence of free radicals in the frozen 
mackerel using ESR spectroscopy
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Appendixes
Application of the t-test
t was calculated from the equation:
SN 1 1m +  n
= £(X  -  KŸ + S(Y -  J f
m +  11 -  2
Where x and y are the two means being compared m and n are the number of 
replicates tested for each sample.
Probability was calculated using Excell Programme from Microsoft Office. The 
values of mean (M), standard deviation (±SD) and probability (Pt) values are listed in 
the following tables for peroxide values, TBRS test, protein extractability and ATPase 
activity.
The values are mean of three readings and each sample was pooled from 9 paired 
fillets. Each treatment has matched pair which is not treated (control).
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Table 1. Peroxide value
3 months
Mean ±SD P(t)
BHT 20 1 <0.0001
Control 508 2
BHT+vit C 41 2 <0.0001
Control 502 2.1
V ite 256 6.6 <0.0005
Control 518 2.1
VitE 200 3 <0.0001
Control 497 1.5
Vit C+E 212 3.5 <0.0005
Control 503 3.1
Mean
6 months 
±SD P(t)82 2.2 <0.0001
1251 1
62 1.5 <0.0001
1217 1.5
1006 1.5 <0.0001
1220 2
801 0.6 <0.0001
1242 1.5
800 1 <0.0001
1306 2.1
9 months 12 months
Mean ±SD P(t) Mean ±SD P(t)BHT 90 1 <0.0001 95 3.8 <0.0005Control 2000 0.6 202 2.1BHT+vit C 111 7.1 <0.0001 143 3.1 <0.001Control 2001 1.5 202 1.2V ite 1500 9 <0.0001 1602 5.3 <0.0001Control 2009 2.1 204 1.5VitE 1007 1.7 <0.0001 1603 3.4 <0.0001Control 2010 0.6 205 1.5
Vit C+E 1003 1.5 - 1495 5.1 <0.0001Control 2005 1.5 201 1
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Table 2. Thiobarbiiuric acid reactive substances
3 months 6 months
Mean ±SD P(t) Mean ±SD P(t)BHT 0.05 0.01 <0.0005 0.07 0.02 <0.0005Control 0.8 0.03 1.17 0.01BHT+C 0.06 0.03 <0.005 0.21 0.03 8.1x10-5Control 0.84 0.07 1.49 0.01Vite 0.08 0.02 <0.005 0.21 0.03 <0.0005Control 0.83 0.06 1.2 0.01
VitE 0.05 0.01 <0.005 0.12 0.02 <0.001Control 0.8 0.08 1.44 0.05
VitE+C 0.06 0.01 <0.0005 0.11 0.02 <0.0005Control 0.78 0.03 1.2 0.03
12 months 18 months
Mean ±SD P(t) Mean ±SD P(t)BHT 0.08 0.01 <0.0001 0.11 0.01 <0.0001Control 1.37 0.02 1.61 0.02BHT+C 0.27 0.01 <0.0001 0.34 0.02 <0.0005Control 1.39 0.01 1.56 0.02Vite 0.29 0.01 <0.0005 0.33 0.01 <0.0001Control 1.46 0.01 1.62 0.02VitE 0.13 0.01 <0.0001 0.18 0.01 <0.0001Control 1.51 0.02 1.73 0.02VltE+C 0.32 0.02 <0.0005 0.49 0.04 <0.0005Control 1.5 0.02 1.48 0.01
24 months
Mean ±SD P(t)
BHT 0.2 0.02 <0.0001
Control 1.78 0.01
BHT+C 0.38 0.02 <0.0005
Control 1.74 0.01
Vite 0.39 0.01 <0.0001
Control 1.92 0.02
VitE 0.22 0.01 <0.0001
Control 2.01 0.03
VitE+C 1.5 0.01 <0.0005
Control 1.71 0.01
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Table 3, Protein extractability
3 months 6 months
Mean ±SD P(t) Mean ±SD P(t)BHT 6.88 0.02 <0.01 5.5 0.09 <0.005Control 6.8 0.03 4.11 0.04BHT+vîtC 6.77 0.02 <0.005 5.21 0.02 <0.05Control 5.9 0.06 4.77 0.06Vitamin C 6.69 0.006 >0.05 4.56 0.03 <0.001Control 6.59 0.013 3.8 0.06Vitamin E 6.11 0.03 >0.05 5.03 0.05 <0.01Control 6.08 0.06 4.6 0.03Vitamin C+E 6.41 0.02 >0.05 4.9 0.02 <0.0005Control 6.38 0.03 4.1 0.01
12 months 18 months
Mean ±SD P(t) Mean ±SD P(t)BHT 3.54 0.07 <0.001 1.78 0.02 <0.0005Control 2.09 0.01 0.91 0.001BHT+vitC 1.83 0.06 <0.005 1.47 0.003 <0.001Control 1.26 0.02 0.9 0.03Vitamin C 2.75 0.02 <0.0005 1.95 0.06 <0.001Control 1.56 0.01 0.92 0.01Vitamin E 2.24 0.02 <0.005 1.45 0.003 <0.01Control 1.93 0.01 1.02 0.06Vitamin C+E 1.92 0.03 <0.001 1.02 0.001 <0.01Control 1.4 0.02 0.9 0.02
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Table 4. ATPase activity
3 months 6 months
Mean ±SD P(t) Mean ±SD P(t)
BHT 3.4 0.03 <0.0005 2.96 0.001 <0.005
Control 2.82 0.03 2.3 0.04
BHT+vitC 2.82 0.06 <0.005 2.8 0.02 <0.005
Control 2.13 0.02 2.18 0.015
Vitamin C 2.92 0.04 <0.05 2.57 0.01 <0.001
Control 2.69 0.02 2.1 0.03
Vitamin E 3.01 0.004 <0.05 2.7 0.05 <0.005
Control 2.79 0.05 2.13 0.02
Vitamin C+E 3.07 0.007 <0.0001 2.45 0.007 <0.005
Control 2.73 0.006 2.22 0.008
12 months
Mean ±SD P(t)
BHT 0.9 0.016 <0.0001
Control 0.09 0.015
BHT+vitC 0.63 0.001 <0.0001
Control 0.09 0.006
Vitamin C 0.38 0.002 <0.005
Control 0.11 0.02
Vitamin E 0.78 0.006 <0.0005
Control 0.16 0.02
Vitamin C+E 0.41 0.007 <0.001
Control 0.09 0.02
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